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ABSTRACT 

(Distribution  Limitation  Statement  No.  2) 


Preaictions  are  given  for  the  Bremsstrahlung  absorption  cross  section  of  atomic 
oxygen  and  atomic  nitrogen.  The  electron-atom  interaction  potential  energy  is 
adjusted  to  give  agreement  with  the  photo-absorption  measurements  of  the  negative 
oxygen  ion.  The  exchange  force  is  treated  in  an  approximate  manner  following  a 
suggestion  by  Slater  but  adjusted  to  take  account  of  the  dependence  on  the 
configuration  of  the  electron  wave.  The  difference  in  the  exchange  force  for 
s-  and  p-waves  as  well  as  the  difference  between  the  triplet  and  quintet 
configurations  in  atomic  nitrogen  must  be  preserved  to  obtain  predictions  for 
the  Bremsstrahlung  which  are  in  agreement  with  experiments.  The  atomic  oxygen 
absorption  cross  section  is  about  a  factor  of  5  less  than  that  of  atomic 
nitrogen  in  agreement  with  the  measurements  of  Taylor.  The  Maxwell  average 
atomic  nitrogen  Bremsstrahlung  absorption  cross  section  is  insensitive  to 
temperature.  The  atomic  nitrogen  cross  section  deviates  somewhat  from  the 
Kramers'  wavelength  dependence,  becoming  relatively  larger  in  the  blue.  The 
partial  wave  analysis  for  Bremsstrahlung  and  elastic  scattering  by  molecular 
nitrogen  is  reviewed.  These  studies  suggest  that  the  Bremsstrahlung  in  the 
field  of  molecular  nitrogen  can  be  estimated  from  the  measured  momentum 
transfer  cross  section.  Using  this  approximation  for  the  molecular  components 
and  recent  calculations  of  Bremsstrahlung  in  the  field  of  atomic  oxygen  and 
nitrogen,  the  eraissivity  and  intensity  from  neutral  Bremsstrahlung  in  high- 
temperature  air  is  estimated.  A  spectrometer  which  scans  a  wavelength  band  of 
0.6  microns  in  30  microseconds  and  is  useful  from  2  to  6  microns  is  described. 
Using  this  instrument,  data  have  been  obtained  of  the  absolute  spectral  radia¬ 
tion  intensity  of  air,  nitrogen,  neon,  and  argon  heated  by  reflected  shocks  in 
shock  tubes  to  equilibrium  temperatures  in  the  range  of  6000  to  10,000*K.  In 
this  temperature  regime,  an  important  source  of  continuum  radiation  in  these 
gases  is  neutral  Bremsstrahlung  caused  by  the  inelastic  scattering  of  electrons 
from  neutral  atoms  and  molecules. 


iii 


e 


jt 


CONTENTS 


Section  Page 


I.  NEUTRAL  ATOM  BREMSSTRAHLUNG  1 

Introduction  1 

Calculation  Methods  2 

The  Slater  Coefficients  and  the  Exchange  Force  8 

On  the  Use  of  an  Average  Exchange  Force  19 

Adjustment  of  the  Potential  26 

Results  32 

Summary  39 

II.  BREMSSTRAHLUNG  IN  AIR  41 

Introduction  41 

Bremsstrahlung  for  Low  Energy  Electrons  Scattered 
by  a  Spherically  Symmetric  Potential  41 

Hundley’s  Result  {Born  Approximation)  44 

Molecular  Nitrogen  4 h 

Results  and  Summary  47 


HI.  SYNCHRONIZED  HIGH-SPEED  SCANNING  INFRARED 
SPECTROMETER 

Introduction 

Description  of  the*  Instrument 
Performance 
Use  of  the  Instrument. 

Summary 

DISTRIBUTION 


54 

54 

55 
59 
66 
I  l 

77 


v 


ILLUSTRATIONS 


Figure  Page 

1  Elastic  scattering  cross  section  of  atomic  oxygen  as  a  function  28 

of  electron  energy,  taking  into  account  only  the  first  two  partial 
waves  (fi  =  0  and  I)  for  p  --  5.  2,  =  4.  0,  yg  =  1.4  and  y  y  =  3. 4. 

2  The  p-wave  contribution  to  the  elastic  scattering  cross  section  29 
of  atomic  nitrogen  as  a  function  of  the  polarization  cut-off  param¬ 
eter  d2  for  the  quintet  and  triplet  configurations  at  election 

wave  number  K  -  0.  2  and  0.  6,  using  a  polarization  constant 
p  =  7. 6. 

3  Average  elastic  scattering  cross  section  of  atomic  nitrogen  as  30 
a  function  of  electron  energy,  taking  into  account  only  the  first 

two  partial  waves  (l  =  G  and  1)  for  p  =  7.  6,  d2  =  5.  0.  Separate 
exchange  force  parameters  are  used  for  triplet  and  quintet 
scattering  cross  sections. 

4  Bremsstrahlung  absorption  cross  section  vs  the  photon  energy  33 
in  units  of  e2/  2a  for  atomic  oxygen  with  p  =  5.  2  and  d2  =  4.  0. 
Different  exchange  force  parameters  are  used  for  s  and  p-waves 

("Vq  =1.4  andy^  =  3.4).  Values  are  shown  for  four  initial  wave 
numbers.  The  dashed  line  is  an  extrapolation  of  Taylor's  measure¬ 
ments  using  Z  -  0.  2  x  10"2  with  T  =  9000°K  in  the  Kramer  a1 
formula. 

5  Bremsstrahlung  absorption  cross  section  vs  the  photon  energy  35 
in  units  of  e2/2a  for  atomic  oxygen  with  p  =  5.  2  and  d2  =  4.  0. 

Different  exchange  force  parameters  are  used  for  s  and  p-waves 

(yg  ~  and  yj  =  3.4).  Values  are  shown  for  four  initial  wave 
numbers.  The  dashed  line  is  an  extrapolation  of  Taylor*  s 
measurements  using  Z  -  0,2  x  10~2  with  T  =  9000°K  in  the 
Kramers*  formula. 

6  Bremsstrahlung  .absorption  cross  section  vs  the  photon  energy  37 
in  units  of  e2/  2a  for  atomic  nitrogen  with  p  =  7.  6  and  =  5.  0. 
Different  exchange  force  parameters  are  used  for  a  and  p-waves 
and  for  triplet  and  quintet  configurations.  Values  are  shown 

for  four  initial  wave  numbers.  The  dashed  line  is  an  extrap¬ 
olation  of  Taylor *8  measurements,  using  Z2  =  0.  9  x  10-2  and 
T  =  90G0°K  in  the  Kramers*  formula. 
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7  The  spectral  intensity  in  watts  per  cubic  centimeter-  jteradian-  49 
micron  as  a  function  of  wavelength  in  microns.  The  l  .emsstrah- 
lung  continuum  components  for  molecular  and  Q%  a\  1  atomic 

N  and  O  are  given  separately.  Also  shown  is  the  correi  Bond¬ 
ing  Planck  limit.  These  curves  are  for  a  temperature  ti  9000°K 
and  a  density  p/ pQ  =  10.  The  component  curves  are  she  n  as 
dashed  lines  when  the  intensity  from  1  cm  of  optical  dept.'. 
exceeds  the  Planck  limit. 

8  Schematic  diagram  (side  view)  of  the  synchronized  high  spec  ?  56 

scanning  spectrometer.  The  basic  spectrometer  is  an  Ebert 

type  instrument  with  an  aluminum  scanning  mirror  placed  Z 
inches  before  the  exit  slit  (IR  detector). 

9  Schematic  diagram  of  the  scanning  mirror  assembly  and  wave-  58 
length  calibration  signal  generator.  The  dispersed  radiation 
enters  from  the  right  and  is  deflected  by  the  upper  surface  of 

the  scanning  mirror  to  the  infrared  detector  at  the  top  of  the 
figure.  The  line  light  source  of  the  wavelength  calibration 
signal  generator  is  at  the  bottom  of  the  figure.  This  light  is 
reflected  twice  off  the  bottom  side  of  the  scanning  mirror  and 
is  brought  to  focus  on  a  grid  placed  in  front  of  a  photomultiplier. 
Rotation  of  the  scanning  mirror  causes  the  light  to  move  across 
the  grid  generating  a  series  of  pulses  which  can  be  used  to 
measure  the  angular  position  of  the  mirror  and  hence  the  wave¬ 
length  of  the  radiation  falling  on  the  IR  detector. 

10  Typical  scans  of  molecular  absorption  bands.  The  radiation  60 

source  was  a  1000°K  blackbody.  (a)  The  top  trace  is  from 

the  IR  detector  and  shows  the  absorption  produced  by  4.  0 
atm-cm  of  acetylene.  The  bottom  trace  is  the  wavelength 
calibration  signal  and  has  been  used  to  produce  the  wave¬ 
length  scale  shown  on  the  oscillogram,  (b)  The  two  traces 
have  the  same  meaning  as  in  (a)  but  the  absorption  is  caused 
by  the  atmospheric  CO2  in  the  optical  path. 

11  Wavelength  calibration  curve  for  the  scanning  spectrometer.  61 

All  the  data  points  are  wavelengths  determined  by  scanning 
molecular  absorption  bands  of  gases  or  polystyrene  film  or 

from  scanning  interference  filters.  The  solid  line  is  a  theo¬ 
retical  curve  determined  from  the  grating  characteristics 
and  the  dimensions  of  the  instrument. 

12  Plot  of  the  rotational  velocity  of  the  scanning  mirror  versus  63 

time  after  the  initiation  of  the  current  pulse  through  the  coil 

that  surrounds  the  mirror.  The  mirror  is  seen  to  accelerate 
for  about  17 fj,  sec  and  then  rotates  at  a  constant  velocity  of 
about  100  rps.  Spectral  data  are  taken  during  the  constant 
velocity  region. 
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13  Absolute  spectral  sensitivity  curve  for  the  infrared  scanning  64 

spectrometer.  The  source  used  was  a  1000°K  blackbody.  The 
calibration  was  performed  using  the  shock  tube  optical  system. 

The  different  curves  are  the  two  spectral  regions  using  two 
different  blocking  filters  to  eliminate  higher  order  radiation. 

14  Experimentally  determined  vignetting  correction  factor  as  a  65 

function  of  AX  from  the  index  position  of  the  scanning  mirror. 

The  vignetting  correction  factor  was  determined  by  a  comparison 
of  dynamic  (scanning)  data  to  static  data,  O;  and  also  by 
comparing  dynamic  to  dynamic  data,  □.  The  solid  curve  is  a 
4th  degree  curve  fit  to  the  data  and  is  used  for  data  analyses, 

15  Schematic  of  experimental  arrangement  of  the  scanning  spec-  67 

trometer  in  use  on  the  shock  tube. 

16  Oscillogram  showing  data  obtained  with  the  scanning  spectrom-  69 
eter  from  a  shock  tube  experiment  in  argon  producing  an 
equilibrium  temperature  behind  the  reflected  shock  of  9925°K. 

Scope  (a)  shows  signals  from  the  scanning  spectrometer  (1) 

and  the  monitor  photomultiplier  (2)  at  a  sweep  speed  of  20 
/isec/  cm.  Scope  (b)  shows  signals  from  the  scanning  spec¬ 
trometer  (3)  and  the  wavelength  calibration  generator  (4)  at 
a  sweep  speed  of  10  /nsec/  cm. 

17  Radiant  intensity  of  continuum  infrared  radiation  from  argon  70 

shock  heated  to  an  equilibrium  temperature  of  9900°K  as  a 
function  of  wavelength.  Each  line  represents  a  shock  tube 

run  using  the  scanning  spectrometer.  The  gaps  in  the  data 
are  regions  of  line  radiation  which  have  bean  removed  in  this 
presentation  to  show  just  the  continuum  contribution. 
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SECTION  I 


NEUTRAL  ATOM  BREMSSTRAHLUNG 


1  •  Introduction 

In  air  at  8000°  Kelvin  and  one  atmosphere  of  density,  the  Bremsstrah- 

lung  from  electrons  accelerated  in  the  fields  of  neutral  atoms  and  molecules 

contributes  about  10  percent  of  the  total  (spectrally  integrated)  emissivity.  In  the 

infrared  beyond  one  micron,  it  is  the  major  source  of  radiation.  In  early 

12  3 

analyses  of  air  radiation,  ’  '  itwas  assumed  for  simplicity  that  atomic 
oxygen  was  the  major  source  of  the  Bremsstrahlung,  since  it  had  the  highest 

'  4 

electron  affinity.  Measurements  in  the  infrared  by  Wentink  were  used  to 
set  the  intensity  of  the  neutral  Bremsstrahlung.  More  recent  and  more  ex¬ 
tensive  studies  of  the  iufrared  radiation  from  air  and  nitrogen  by  Taylor^ 
have  demonstrated  that  atomic  oxygen  is  a  minor  component  in  the  Brems¬ 
strahlung;  that  the  radiation  from  air  should  be  attributed  to  molecular  and 
atomic  nitrogen;  and  that  molecular  nitrogen  is  larger  with  about  twice  the 
cross  section  of  atomic  nitrogen.  Since  molecular  nitrogen  is  twice  as  ef¬ 
fective  as  atomic  nitrogen,  the  total  absorption  by  Bremsstrahlung  is  insen¬ 
sitive  to  the  degree  of  dissociation  of  nitrogen.  Taylor  also  found  that  the 
spectral  distribution  did  not  fit  the  simple  Kramers'  model.  Thus  the  spec¬ 
tral  extrapolation  into  the  visible  could  not  be  reliably  made.  In  this  report, 
the  Bremsstrahlung  from  neutral  atomic  oxygen  and  nitrogen  on  a  semi- 
empirical  basis  is  estimated,  that  is,  so  that  it  agrees  with  existing  experi¬ 
mental  data,  and  then  used  in  the  calculations  to  predict  the  spectral  intensity 
in  regions  where  measurements  have  not  yet  boen  made. 

Since  the  early  calculations  of  air  radiation  were  made,  there  have 
been  a  number  of  pertinent  experiments  on  the  scattering  of  low-energy  elec¬ 
trons  by  atomic  oxygen  and  nitrogen.  The  most  significant  of  these  are  the 
actual  Bremsstrahlung  measurements  by  Taylor,  which  give  the  ratio  of 
contributions  by  molecular  nitrogen,  atomic  nitrogen,  and  atomic  oxygen  in 
the  infrared  at  4  microns  and  also  give  the  spectral  intensity  dependence 
between  4  and  2  microns.  During  this  period,  Klein  and  Brueckner^  have 


shown  how  to  analyze  the  total  absorption  cross  section  of  the  negative 

oxygen  ion  measured  by  Branscomb^  in  terms  of  the  low  energy  oxygen 

scattering  cross  section.  Low  energy  oxygen  conductivity  measurements 
g 

by  Lin  are  shown  to  be  consistent  with  the  Branscomb  measurements,  using 

9 

the  Klein  and  Brueckner  analysis.  Experiments  by  Alpher  and  White  which 
give  the  polarizability  of  atomic  oxygen  and  nitrogen  fix  the  long  range  inter¬ 
action  between  the  neutral  atoms  and  electrons.  At  higher  energies  than  of 
interest  (5  ev  and  above),  Nevnaber^  has  measured  the  scattering  cross 
section  of  atomic  oxygen  and  nitrogen.  These  experiments  constrain  the 

-1*4  rtl  *1  « J  1  1  11  rt  /\  J  «  m  L>  **  A-  ,A 
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In  Part  2,  our  methods  of  calculation  will  be  outlined.  Here  the 
spherically  symmetric  potentials  are  defined,  which  will  be  used  in  the  numer¬ 
ical  integration  of  the  SchrBdinger  equation  to  obtain  the  electron  wave  func¬ 
tions  and  the  scattering  cross  sections.  These  wave  functions  are  used  in 
the  acceleration  matrix  element  to  determine  the  Bremsstrahlung.  The  de¬ 
pendence  of  the  exchange  force  on  the  configuration  is  discussed  in  Parts 
3  and  4.  The  potential  has  a  polarization  cut-off  parameter  that  is  fixed 
to  agree  with  experimental  data  (Part  5).  Part  6  gives  results  for  the 
Bremsstrahlung  absorption  cross  section  of  atomic  oxygen  and  atomic  nitro¬ 
gen.  Comparison  is  made  with  the  measurements  of  Taylor.  The  results 
and  uncertainties  are  reviewed  in  Part  7. 

The  programming  of  the  differential  equation  for  this  Section  was  done 
by  Richard  Johnson  and  that  for  the  absorption  matrix  element  by  Tom  Tsika. 
Dr.  Derek  Teare  has  provided  the  insight  and  guidance  required  to  obtain  the 
desired  numerical  accuracy.  The  author  is  also  indebted  to  Professors  Henry 
Margenau  and  Hans  Bethefor  advice  and  guidance  in  preparing  Section  I. 

2.  Calculation  Methods 


A.  Basic  Equation  a 

In  this  section  the  methods  used  to  determine  I)  the  free  electron 

wave  function,  2)  the  scattering  cross  section,  and  3)  the  Bremsstrahlung 

absorption  cross  section,  are  given. 

To  determine  the  wave  functions  a  spherically  symmetric  potential 

(V(r);  has  been  assumed  so  that  only  the  one-dimensional  SchrBdinger 
i  1 

equations  need  be  solved.  This  equation  is 


-2- 
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The  potential  consists  of  three  parts:  the  Coulomb  interaction  of  the 
electron  with  the  atomic  electrons  and  nucleus.  The  ».  distribution  of 

the  bound  electrons  in)  is  determined  from  H»rtree-Fock  ..  -t 

the  unperturbed  atom. 


V  = 
vCoul. 


(2) 
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Extending  a  method  introduced  by  Slater  for  treating  the  exchange  force 
in  solids,  the  exchange  potential  can  be  taken  proportional  to  the  local 
charge  density  to  the  1/3  power 

'■■"tti?  +) 1/1  ■(+)'" 

The  factor  which  normalizes  title  magnitude  of  the  potential  Jy)  is 

found  by  matching  results  with  the  correct  atomic  oxygen  scattering  calcula- 

13 

tion  carried  out  for  zero  energy  electrons  with  l  =  0  by  Bates  and  Massey. 
For  other  states,  y  is  obtained  by  a  perturbation  scheme  described  below. 
The  polarization  force  is  taken  account  of  by  the  term 


VPol=-  P/* 


(4) 


For  polarizability  (p),  the  measurements  of  Alpher  and  White  are 
used,  which  give  for  oxygen  p  =  5.  1  and  for  nitrogen  p  =  7.  6.  This  leaves 


2 

one  free  parameter  d  ,  which  will  be  investigated  (Part  5). 

To  determine  the  atomic  charge  density  p,  the  results  of 
D.  R.  Hartree,  W.  Hartree  and  B.  Swirles^  fOP  oxygen  and  of  D.  R.  Hartree 
and  W.  Hartree^  for  nitrogen  are  used.  The  integral  from  0  to  10  of  p  is 
normalized  to  7  for  nitrogen  and  for  oxygen  to  8. 

1 1 

The  Bremsstrahiung  absorption  cross  section  is  determined  by 


In  this  matrix  elementary  wave  functions  are  normalized  so  that  their 
asymptotic  magnitude  is  unity. 
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The  matrix  elements  were  calculated  numerically  both  in  the  form  given 
above  and  also  in  the  form  which  is  obtained  by  integrating  by  parts: 


j  G0  (Kj)  gJ  ( k{ )  +  g'0  (kJ  Gj  (Kf)J  V(r)  dr 


(8) 


This  allows  our  results  to  be  checked,  which  is  important  because  the 
integral  has  a  email  final  value  which  results  from  the  cancellation  of 
large  positive  and  negative  contributions. 
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Also  programmed  were  a  number  of  integrals  over  the  exchange  and 
polarization  parts  of  the  potential  to  be  used  in  perturbation  schemes  to  ob¬ 
tain  the  effect  on  the  cross  sections  of  small  changes  in  the  parameters  y, 

2 

p  and  d  .  In  terms  of  these  integrals,  corrected  values  of  the  logarithmic 
derivative  of  the  wave  function  at  the  outside  edge  of  the  atom  is  obtained 
in  the  form,  e.  g.  , 


CP 

G 


) 


P 

7T772~r 

(r  +  d,  ) 


dr 


rTTTXT 

(r  +d,  ) 


(9) 


These  equations  have  been  solved  using  numerical  methods  on  an 
IBM  computer.  The  Runge-Kutta  method  was  used  for  solving  the  differen¬ 
tial  equation  and  a  Simpson  rule  integration  for  the  matrix  element.  Quad¬ 
ratic  interpolation  has  been  used  for  obtaining  intermediate  values  of  V  and 
G  in  the  integration.  The  differential  equation  was  solved  with  a  variable 
interval  size  determined  so  that  the  change  in  Gq  and  G^  should  be  on  the 
order  of  0,  06  percent  o£  its  value,  the  change  in  dGg/dr  ~  0,  3  percent  and 
the  change  in  dGj/dr  ~  0.  03  percent.  In  no  case  was  the  interval  size 
allowed  to  be  larger  than  0.05  atomic  units. 


B,  Exchange  Parameter 

The  exchange  parameter,  y  ,  is  chosen  so  that 


where 


Q„  a  Z.  Z.  b.  ,  Y,  {j,  a)  P. 
&  k  j  j,k  k  w*  j 


(10) 
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and  P  are  the  radial  functions  for  the  bound  electrons.  The  coefficients, 

Q  16 

b.  ,  ,  are  given  by  Slater. 

j,  k 

C.  Quadrupole  Moment 

4 

For  the  p  orbital  in  the  P  configuration,  an  additional  energy 
term  appears  from  the  quadrupole  moment 

-  —  F 
10  x  2 

I 

where 
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with 


AV  = 
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r  ?  7  2 

pX  r'*  dr'  +  2r 

2p 
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2  1 

p*p  7*  dr' 


(14) 


In  order  to  introduce  the  effect  of  this  force  the  exchange  force 
parameter  y  is  increased  by  an  amount  A  y  such  that 


AX 


/< 


y  j  VE*  d*  »  W 


(15) 
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D.  Momentum  and  Acceleration  Matrix  Elements 


When  a  different  potential  energy  curve  for  the  electron  in  an 
s  state  and  for  one  in  a  p  state  is  used,  the  question  arises  as  to  which 
of  these  should  be  used  in  the  acceleration  matrix  calculation.  It  is  noted  that 
this  problem  will  not  arise  if  the  momentum  matrix  element  is  used  to  cal¬ 
culate  the  radiation.  It  is  therefore  possible  to  transfer  from  the  momentum 
form  to  the  acceleration  form  in  order  to  find  the  appropriate  potential  for 
the  acceleration  matrix. 

The  acceleration  matrix  to  the  momentum  form  in  the  case  where 
the  same  potential  is  used  for  both  s  and  p  states  is  the  starting  point. 

By  starting  with  the  acceleration  matrix  and  integrating  by  parts,  the  follow¬ 
ing  is  obtained: 


/' 


V  V  4)^2 dT 


=  -/' 


VW^i+^V  4>z) dr 


(16) 


The  following  integral  is  then  added,  which  is  zero 


+  A  d  T 


(17) 


so  that  the  acceleration  matrix  becomes 


/w^2dr  *  dr  -  dT  =  f 41^4*2  d7 

(18) 

where  the  first  term  has  been  integrated  by  parts  to  obtain  the  final  form. 
The  momentum  matrix  element  has  thus  been  transformed  which  is  indepen¬ 
dent  of  V. 


.7. 


If  the  procedure  is  now  inverted  and  going  from  the  momentum  form 
in  the  case  where  the  potential  used  for  the  two  states  is  not  tl  e  same,*  the 
following  is  obtained; 

(K2  ~  *2  dT  K  *  /(WVVlV¥dT  (19> 

The  following  form  is  therefore  used 

/»  dG.  dG? 

(v2g2  -ar  +  vi°i  si~  >  dr  (20) 

u 

in  the  calculation  cf  the  acceleration  matrix  when  different  potentials  are 
used  for  the  s  and  p  waves. 


3.  The  Slater  Coefficients  and  the  Exchange  Force 

The  Hartree-Fock  method  of  calculating  the  wave  function  of  am  elec- 

13 

tron  in  an  atom  has  been  extended  by  Bates  and  Massey  to  calculate  the 

free  electron  s-wave  for  scattering  by  atomic  oxygen.  The  method  has  been 
17 

extended  by  Seaton  to  treat  the  atomic  oxygen  free  electron  p-wave. 
Seaton's  paper  gives  the  details  of  the  derivation  of  this  method.  The  basic 
equation  to  be  solved  is 


d 
(dr 


+  V  +  v  +  K  - 
P 


*<£  +  !) 
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For  nitrogen  Z  =  7  and  n  =  3;  for  oxygen  Z  =  8  and  n  =  4. 


R  Y»°'j) 
q=E  Ei>jkpj  Yk'j-» 

k  J  J  r 

yw  U,P)  =  -4  /"  Pn  Pa  r'kdr'+rk+1  f  P  p„  JL^.  .  dr' 

x  ./  Q  r  •/ 

0 


a  P  {rt)K+i 


vp  =  p/(r2  +  d2)2 


The  j  sum  is  over  the  bound  quantum  states.  The  a  .  _  have  been 

jk  =  0 

separated  since  these  coefficients  do  not  change. 

1 6 

The  coefficients  and  are  derived  by  Slater  for  L-S 

coupling.  The  application  of  this  method  to  the  free  p-wave  of  atomic  oxygen 
is  not  obvious,  consequently  the  details  are  given  here.  However,  the  very 
clear  exposition  given  by  Slater  will  not  be  repeated.  In  order  to  make  the  dis¬ 
cussion  easier  to  follow,  the  simpler  case  of  a  free  s-wave  and  atomic 
nitrogen  will  be  the  starting  point. 


The  state  with  spin  projection  Mc  =  2  and  angular  momentum  L  =  0 

^  5 

is  first  enumerated  given  the  coefficients  for  the  S  state.  The  matrix  for 
the  atomic  state  is  represented 

*0,  3 fl  ~  la*  (22) 

where  each  parenthetical  term  represents  an  electron  state.  The  number 
in  the  parentheses  gives  the  angular  momentum  if  the  electron  state  and  the 
Greek  symbol  gives  its  spin  (a  is  spin  up  and  is  spin  down). 


-9. 


5 

The  S  state  of  atom  and  free  s-wave  is  given  by 

^;3/2*°a,f  (23) 

where  the  subscript  f  on  the  last  electron  state  indicates  that  it  is  the  free 
electron  state.  For  this  configuration  the  electron  energy  can  be  determined 
at  once  from  Slater's  table  for  the  coefficients  a  and  b: 


2F0(ls;fs)  +  2F0(2s;fs)  +  3F0(2p;fs)  -  C  (ls;fs)  -  G0(2s;fs)  -  G1(2p;fs) 


(24) 


where 


Fk(nf;n'r)  =  e2(4  7r)2  f  f  R2(n£/r)  R2(n'£'/r')  — r2r'2  dr  dr¬ 
's  *4  rb 


k 

Gk(n^;n'£')  =  e2(47r)2  '  j  j  R(n£/r)  R(n'£'/r)  R(n£/r«)  R(n'£*/r«) 

•4  *4  rb 


2  2 

X  r  r'  dr  dr' 


5  3 

where  those  terms  which  are  common  to  S  and  S  have  been  underlined. 

According  to  Slater's  method,  the  two  states  which  compose  the 
3  5 

S  and  S  states  are  now  required.  These  are  obtained  using  the  spin 
lowering  operator  (S  *).  This  immediately  gives  the  two  required  states  as 


1  *0.  3/2  )  a  h 


(25) 
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*• 

■  where 


s  lVv2  =  ^“ 


[(1(5)  (On)  (- la)  +  (la)  <cp)  (-la)  +  (la)  (Oa)  (-1(5)1  (27) 


I 

» 

i 


< 
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where  each  of  the  terms  in  the  square  brace  are  matrices  for  three  electron 
states.  With  these  wave  funtions,  the  energy  can  be  evaluated  via  Slater’s 
method.  It  should  be  noted  that  the  cross  terms  which  result  because  the 
atomic  state  has  three  terms,  do  not  contribute  anything  because  of  orthog¬ 
onality  properties,  i.e.,  the  interaction  potential  involves  two  electrons,  one 
of  which  is  in  the  free  state  but  the  terms  in  the  atomic  state  diffex*  by  two 
electron  states  so  that  one  of  these  will  be  orthogonal  upon  integrating.  A 

value  of  one -third  the  sum  of  the  contributions  of  each  individual  term  is 

5  3 

obtained;  so  that  the  energy  for  S  +  S,  in  addition,  to  twice  the  common 
energy  terms  underlined  above  has  the  value  for  the  2p-fs  interaction 


-  4  Gl  (2p;fs)  (28) 

5  3 

Subtracting  tire  energy  of  S  yields  the  energy  for  S,  which,  in  addition  to 
the  common  undefined  terms  in  Eq  (4),  gives 

+  4  Gj  (2p;fs)  (29) 

The  methods  for  the  nitrogen  free  p-wave  and  the  oxygen  free  s-wave 

are  similar  and  only  the  results  will  be  given  in  these  cases.  The  common 

5  3 

terms  for  the  nitrogen  P  and  P  are 


2F0(ls;fp)  -1-  2F0{2s;fp)  +  3F0(2p;fp)-  j  Gj ( I s;fp)-  j  Gj(2s;fp) 


(30) 
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The  2p-fp  interaction  terms  for  is 

-G0(2p;fp)  -  ™  Gz(2p;fp)  (3  3) 

3 

and  for  the  P 

+  3  G0  (2p;fp)  +  ^  G2(2p;fp)  (32) 

4 

For  atomic  oxygen  plus  a  free  s-wave  the  term3  common  to  P 

2 

and  P  are 

2F0(ls,4s)  +  2F0(2s;fs)  +  4F0(2p;fs)  -  G0(ls;fs)  -  G0(2s;fs)  (33) 

4 

The  2p-fs  interaction  for  P  is 

-Gj  (2p;fs)  (34) 

2 

and  for  P  it  is  zero. 

The  states  for  a  free  p  electron  and  atomic  oxygen  are  more  com¬ 
plex.  It  is  desirable  to  have  the  energy,  of  the  six  states  of  the  doublets  S, 

P  and  D  and  the  quartets  S,  P  and  D  are  desired.  These  are  found  by  evalu¬ 
ating  the  energy  of  six  states  which  are  enumerated  below  and  taking  the 
differences.  In  order  to  find  the  appropriate  wave  functions  to  determine 
these  energies,  the  angle  of  momentum  lowering  operator  (L-*)  in  addition 
to  the  spin  lowering  operator  is  introduced.  The  wave  function  for  the 
ground  state  of  the  atom  will  be  abbreviated  as 

*1#1  =  (la)  (Oa)  (-la)  (1(3)  {35) 

In  applying  the  lowering  operators  to  this  function,  it  is  important  to  remem¬ 
ber  that  the  functions  indicated  as  a  product  are  in  fact  a  matrix  so  that  an 
interchange  of  two  states  is  the  sams  as  interchanging  two  columns  of  the 
matrix,  which  changes  the  sign  of  that  term.  There  are  two  things  which 
prevent  lowering  a  state.  One  is  the  Pauli  exclusion  principle  so  that,  for 
example,  the  la  state  cannot  be  lowered  to  ip  when  an  electron  is  already 


in  the  lp  state.  The  other  occurs  when  the  state  has  the  lowest  quantum 
value,  e.  g. ,  the  p  state  cannot  be  lowered  further.  The  lowering  operator 
is  the  sum  of  operators  which  lower  each  state  separately.  In  Table  I  the 
wave  functions  for  the  six  appropriate  combined  states  are  given.  Table  II 
gives  the  atomic  part  of  the  wave  functions  (again,  these  are  abbreviated  in 
product  form,  each  product  representing  a  4-electron  matrix).  The  common 
energy  terms  are 

2F0(ls;fp) +2F0(2s;fp) +4F0(2p;fp)  -  3  G^lstfp)  -  ^  G^stfp). 


The  additional  terms  which  depend  on  the  configuration  are  given  in 
Table  m. 

The  integrals  required  for  evaluating  the  exchange  force  according 
to  the  Hartree-Fock  method  have  been  programmed,  so  that  it  is  now  possible 
to  determine  an  effective  value  for  the  exchange  force  parameter  y  such  that 
the  integral  of  the  exchange  force  times  the  square  of  the  wave  function  will 
equal  the  integral  of  the  wave  function  times  the  corresponding  quantity  in 
the  Hartree-Fock  equation  (2QG/r). 

i  X"v'xch  G"dr  dr  {it) 

The  values  used  for  the  coefficients  b.  ,  and  the  estimated  values 

J*  * 

of  y  are  given  in  Table  IV,  In  determining  y  solutions  of  Eq.  (1)  where 
2 

y  =  1.  3,  p  =  5.  2,  d  =1.  97,  and  k  =  0.  2  for  oxygen  and  y  *  1.3,  p*  7.6, 
d^  =  2.  30  and  k  =  0.  2  for  nitrogen  were  used.  At  zero  energy,  the  value 
for  the  average  configuration  for  oxygen  for  i  =  0  approaches  y  =  1.  3, 
which  gives  the  same  scattering  length  as  the  calculation  of  Bates  and  Massey. 
This  indicates  that  the  approximate  metnod  has  validity  and  in  particular  is 
good  for  the  s -waves. 

The  y  are  not  independent  of  the  electron  energy;  however,  they 
will  be  treated  as  constants.  The  results  in  Table  V  indicate  the  variation 
of  y  with  energy. 


TABLE  II 

Wave  Function  Gas  Ground  State  of  Atoms 


+1,1 

(lo)  (Oa)  (-la)  (ip) 

s‘‘+l.l  * 

—  {(la)  (Op)  (-la)  (ip)  +  (la)  (Oa)  (-lp)  (lp)] 

<s/2  L  J 

1/1 +1,1 

(la)  (Oa)  (-la)  (Op) 

L'2*1,  1 

(la)  (Oa)  (-la)  (-lp) 

S*lL‘^1(1  a 

-i-  f(  ip)  (Oa)  (-la)  (Op)  *  (la)  (Oa)  (-lp)  (Op)l 

l  J 

S  I,  +l(1  . 

-i-  f(ip)  (Oa)  (-la)  (-P)  +  (la)  (Op)  (-la)  (-lp) 
<s/5  »■ 
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Blanks*  are  zero.  Negative  signs  are  repulsive. 


TABLE  V 


Dependence  of  y  on  x  for  the  average  force 


4.  U»e  of  an  Average  Exchange  Force 


% 


\ 


A.  Oxygen 

In  order  to  determine  the  average  value,  the  Slater  coefficients  have 
been  averaged  and  weighted  with  the  degeneracy  of  the  configuration.  For 
example,  in  the  1-0  (s-wave)  case  for  oxygen,  the  coefficient  for  the  first 
order  term  coupling  the  free-  p  to  the  2p  wave  has  a  coefficient  of  zero  for 
the  doublet  P  configuration  and  a  coefficient  which  is  one  for  the  quartet 
P.  The  average  has  a  coefficient  of  2/3  for  this  term  in  the  expression  for  Q. 

The  1  «  1  effective  values  of  y  for  oxygen  have  a  wide  range  of 
values.  If  the  quadrupole  force  is  included  in  the  effective  y  then  the 
magnitude  for  the  quartet  P  would  be  increased  (~0.  4)  and  the  magnitude 
for  the  doublet  P  decreased  (-0.4),  since  the  quadrupole  force  is  attrac¬ 
tive  for  both  of  these  states.  The  quadrupole  force  does  not  affect  the 
average  value  since,  in  this  approximation,  the  atom  is  spherically  sym¬ 
metric.  The  average  value  is  close  to  those  for  the  quartet  D  and  doublet 
D,  since  these  have  the  dominance  in  the  statistical  weighting. 

The  phase  shifts  for  the  1=1  have  been  calculated  for  oxygen  as  a 

2 

function  of  electron  energy  using  p  =  5,2  d  =20.  The  value  for  y  was 
taken  as  a  parameter  and  calculations  were  run  for  y  =  0,  1.  3,  3.  4,  4.  67. 
The  cross  sections  for  the  larger  two  are  small  throughout  the  energy  range 
of  interest  and  extending  up  to  1  atomic  unit,  indicating  that  these  poten¬ 
tials  put  the  free  wave  close  to  antiresonance.  This  is  not  true  for  the 
small  y  cases;  however,  since  these  correspond  to  states  with  low  statisti¬ 
cal  weight  in  the  averaging,  it  will  be  assumed  that  the  deviations  resulting 
from  these  values  of  the  parameter  will  not  be  important  in  the  radiation 
prediction. 

The  1  =  0  for  oxygen  does  not  have  a  large  range  of  y,  and  its 
average  value  will  be  used. 

B.  Nitrogen 

Whether  neutral  atomic  nitrogen  Bremsstrahlung  can  be  treated  by 
an  average  potential  or  requires  individual  treatment  for  the  triplet  and 
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quintet  configurations  is  considered.  In  order  to  obtain  some  guidance  in 

this  matter,  the  elastic  scattering  cross  section  for  electrons  with  energy 

of  1/2  ev  (k  =  0.  2),  has  been  calculated.  In  doing  this,  the  effective  values 

of  the  exchange  force  (y)  determined  earlier  have  been  used.  The  results 

are  summarized  in  Table  VI. 

2 

For  d  =  25  and  for  the  s-wave  results,  it  is  seen  that  the  scattering 

cross  section  for  triplet  S,  4uintet  S,  and  the  average  are  all  close  to 
“15  2 

2  x  10  cm  .  On  the  other  hand,  the  p>wave  cross  section  is  very  sensi¬ 
tive  to  the  exchange  parameter  going  from  an  almost  antiresonance  cross 

- 15  2 

section  for  triplet  S  to  a  large  value  of  5.  ?  x  10  cm  .  This  is  not  like 

oxygen  where  the  important  p-waves  are  near  antiresonance  and  the 

Bremsstrahlung  is  insensitive  to  the  p-wave  function. 

2 

For  d  =  5  the  s-wave  results  vary,  but  the  average  y  gives  a 
cross  section  close  to  the  average  cross  section.  This  is  not  true  for  the 
p-wave  where  the  average  y  gives  a  cross  section  near  antiresonance. 

Since  the  average  y  gives  a  poor  result  for  the  p-waves,  the  atomic  nitrogen 
Bremsstrahlung  for  the  triplet  and  quintet  configurations  have  been  calculated 
separately  and  then  averaged. 


C.  Oxygen  Radiation 

A  series  of  calculations  for  oxygen  have  been  carried  out  in  which 

the  parameter  for  the  exchange  force  on  the  p-wave  (y^)  has  been  varied. 

The  motivation  for  this  study  arises  from  the  fact  that  there  are  six  p-wave 
2  2  2  4  4  4 

configurations  (  S,  P,  D,  S,  P,  O).  Not  only  the  exchange  force  but 
also  the  quadrupole  force  varies  with  the  configuration.  Since  there  is  not 
a  separate  expression  in  the  equation  for  the  quadrupole  potential,  the 
various  values  of  y  should  be  considered  as  a  generalized  parameter  to 
adjust  for  the  complete  change  in  force  with  the  configuration  change. 

The  results  of  this  study  are  summarized  in  Table  VII.  Values 
are  included  in  which  the  potential  is  truncated  at  r  =  5,  as  well  as  at  r  =  10. 
The  values  for  the  truncated  potential  correspond  to  a  weaker  force  between 
electron  and  atom  with  a  somewhat  unrealistic  shape.  It  is  felt  that  this 


information,  which  is  readily  available  as  additional  output,  is  useful  sup¬ 
port  in  understanding  the  trends  of  neutral  Bremsstrahlung.  It  is  observed 


t 
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TABLE  VII  (continued) 


that  the  re’ation  between  the  elastic  scattering  cross  section  and  the  Brems- 

18 

strahlung  given  by  the  Born  approximation  is  generally  useful.  There  is 
one  case  (case  11,  Table  VII)  where  the  Born  relation  gives  an  erroneous 
prediction  by  a  factor  of  almost  10. 

The  coefficient  in  the  relation  between  elastic  scattering  (Q)  and 
Bremsstrahlung  cross  sections  (Q  )  is 

=  2-9x,o'19(t2j(S)3  °  (37) 

Another  aspect  of  these  results  is  sensitivity  of  the  predicted  Brems¬ 
strahlung  to  the  variable  force  on  the  p-wave  (y^).  Large  changes  in  this 
parameter  (yj)  do  not  make  corresponding  changes  in  the  radiation  predic¬ 
tion.  This  result  is  explained  by  the  large  elastic  scattering  contribution 
of  the  s-wave  so  that  changes  in  the  p-wave  scattering  do  not  make  large 
changes  in  the  total  scattering  cross  section.  Then,  insofar  as  the  Born 
approximation  is  correct,  the  radiaton  prediction  is  not  sensitive  to  the 
p-wave  phase  shift.  This  is  a  second  reason  for  the  validity  of  using  the 
average  y  values  for  estimating  the  average  Bremsstrahlung  in  oxygen. 


Adjustment  of  the  Potential 
A.  Ojffgen 

Klein  and  Bruekner  have  shown  how  to  analyze  the  photo-absorption 


cross  section  measurements  of  negative  atomic  oxygen  in  terms  of  the  o-wave 

8 

phase  shifts.  In  a  paper  by  Lin  and  Kivel  these  calculations  are  extended 
and  results  for  electron  scattering  lengths  a  =  1  and  1.  6  are  compared  with 

7 

the  photo-absorption  cross  section  measurements  of  Branscomb,  et  al. 

A  potential  which  gives  scattering  lengths  in  this  range  is  sought. 

For  the  s-wave  in  the  doublet  configuration  the  value  y  =  0.  93  is 

used  (Table  IV).  The  polarizability  is  set  according  to  the  measurements  of 

9  2 

Alpher  and  White  at  p  =  5.  2.  The  polarization  cut-off  d  is  adjusted  to 

obtain  agreement  with  the  negative  oxygen  photo -absorption  data  of 

Branscomb  et  al.  ?  using  the  method  of  Klein  and  Brueckner.  For  d^  =  4.  0, 

the  following  values  are  obtained  for  the  scattering  length  a  =  l/«ctn60: 
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K 

hv  (ev) 

1/xctn  60 

.  15 

1.  7 

1.  2 

.  21 

2.  1 

1.  3 

.  33 

2.  9 

1.  5 

These  values  give  a  slope  for  the  photo* absorption  cross  section 
vs  photon  energy  (hv)  intermediate  between  that  illustrated  in  Reference  8 
for  scattering  lengths  a  =  1,  0  and  1.  6.  This  is  in  good  agreement  with 
the  data.  The  magnitude  of  the  cross  section  is  slightly  below  the  data. 

The  elastic  scattering  cross  section  at  l/4  ev  is  consistent  with  Lin's 
measurement  (-2  x  10  ^cm^)  and  at  5  ev  with  Neynaber  (~6  x  10*^cm^). 
The  cross  section,  peaks  in  the  neighborhood  of  2  ev  at  Q  =  8  x  10”  cm 
(Fig.  1). 


B.  Nitrogen 

19  2  l/2  - 1 /6 

By  scaling  from  oxygen  by  taking  dap7  z~  '  the  value  of 

2 

d  =  5  for  nitrogen  is  obtained.  Figure  2  shows  the  cross  section  for  4  =  1 

2  2 

at  k  =  0.  2  and  0.  6  as  a  function  of  d  .  For  values  of  d  less  than  5  the 
p-wave  scattering  in  both  triplet  and  quintet  configurations  gets  very  large, 
which  at  k  =  0.  6  would  disagree  with  the  measurements  of  Neynaber.  On 
the  other  hand,  for  values  of  d?  larger  than  5,  the  s-wave  cross  section  at 
K  ~  0.  2  becomes  large  which  probably  would  lead  to  a  contradiction  with 
the  1R  Bremsstrahlung  measurement  of  Taylor.  Thus,  the  suggested  scaling 
from  oxygen  leads  to  an  acceptable  potential  for  use  in  predicting  nitrogen 
Bremsstrahlung.  However,  it  is  about  twice  die  measurement  of  Neynaber 
(Fig.  3). 

In  order  to  show  that  the  calculated  cross  section,  which  at  large 
energy  is  larger  than  the  measurements  of  Neynaber,  is  not  improved  by  a 
weaker  potential  Table  VIII  is  giyen  showing  the  cross  sections  when  the 
potential  is  set  equal  to  zero  beyond  a  cut-off  radius  (r^).  Zt  can  be  seen 


Fig.  2  The  p-wave  contribution  to  the  elastic  scattering  cross  section 
of  atomic  nitrogen  as  a  function  of  the  polarization  cut-off  para¬ 
meter  dr  for  the  quintet  and  triplet  configurations  at  electron 
wave  number  x  *0,2  and  0,  6,  using  a  polarization  constant 


ELECTRON  ENERGY  (tv) 


Fig.  3 


Average  elastic  scattering  cross  section  of  atomic  nitrogen  as 
a  function  of  electron  energy,  taking  into  account  only  the  first 
two  partial  waves  (4=0  and  1)  for  p  =  7.  6,  d^  =  5.  0.  Separate 
exchange  force  parameters  are  used  for  triplet  and  quintet 
scattering  cross  sections. 


TABLE  VIII 

Elastic  Scattering  Cross  Section  for 
N  for  V  =  0  at  r  >  r 

c 


[Q(cm2)  x  1016] 


K 

rc  =  5 

6 

7 

10 

0.  1 

11.  1 

8.2 

6.  4 

4.7 

0.2 

10.  9 

9.8 

10.0 

12.6 

0.4 

11.  5 

15.2 

16.9 

17.9 

0.5 

13.4 

14.8 

15.2 

15.  3 
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that  at  energy  of  several  ev  the  cross  section  is  invariably  larger  than 
Neynaber's.  In  addition  the  weaker  force  gives  a  larger  cross  section  at 
low  energies.  It  would  appear  that  our  model  which  fits  the  other  available 
data  predicts  about  twice  the  value  reported  by  Neynaber  of  the  elastic 
scattering  of  5  ev  electrons  by  nitrogen. 


6.  Results 

The  Bremsstrahlung  absorption  cross  section  for  atomic  oxygen 

is  calculated  using  a  polarizability  p  =  5.  2  and  a  cut-off  parameter 
2 

d  =  4.  0.  Different  exchange  forces  were  used  for  the  s  and  p-wavcs; 
i.  e.  ,  Yq  -  1.  4  and  =  3.  4. 

The  results  for  initial  electron  wave  number  of  k ^  =  0.  1,  0.  1414,  0.  2, 

0.  2449,  are  given  in  Fig.  4  and  Table  IX.  These  values  are  consistent  with 

5  2 

the  measurements  of  Taylor  of  the  IR  Bremsstrahlung.  Using  Z  = 

-2 

0.  2  x  10  and  Kramers'  interpolation,  Taylor  obtains 

Figure  4  shows  Q  for  T  =  9000°K,  which  is  consistent  with  the  present 
calculations, 

1 8 

The  results  are  consistent  with  Hundley's  approximation.  For  ex- 

-  It  2 

ample,  at  k  =  0.  2  the  elastic  scattering  cross  section  is  about  5x10  cm  , 

-  37  5 

which,  according  to  Hundley,  corresponds  to  Q  =  1.5  x  10  cm  at 
2-2  & 

A  k  -  10  \ 

The  results  for  y^  -  1.3  are  given  in  Fig.  5  and  Table  X.  As 
pointed  out  in  Table  V,  the  y  are  not  strictly  independent  of  energy.  These 
results  allow  the  uncertainty  of  the  method  to  be  indicated  because  of 
neglecting  this  effect.  „ 

The  results  for  nitrogen  are  given  in  Fig.  6  and  Table  XI.  Figure  6 
contains  the  average  over  the  separately  calculated  quintet  and  triplet 
absorption  cross  sections.  The  individual  values  are  preserved  in  the  table. 
Since  the  data  for  different  initial  electron  energies  fall  essentially  on  the 
same  curve,  the  results  in  this  system  are  insensitive  to  electron  energy 
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Fig.  4  Bremsstrahlung  absorption  cross  section  vs  the  photon  energy 

in  units  of  e2/2a  for  atomic  oxygen  with  p  *  5.2  and  d 2  *  4.  0, 
Different  exchange  force  parameters  are  used  for  s  and  p -wave a 
(Yq  *1,4  and  Yi  s  4).  Values  are  shown  for  four  initial  wave 
numbers.  The  dashed  line  is  an  extrapolation  of  Taylor's  measure* 
ments  using  Z2  *  0.  2  x  10'2  with  T  =  9000°K  in  the  Kramers'  formula. 


TABLE  IX 


2 

Oxygen  Absorption  Cross  Section  for  p  =  5.2,  d  =  4.  0,  Yq  =  1.4  andy^  =  3.4. 


*i 

■1 

Qa(cm5)  x  1040 

*i 

Ki 

Q  (cm5)  x  1040 

d 

0.  1000 

0.  1414 

1.42E  03 

0.  2000 

0.  5000 

1.02E-01 

0.  1000 

0.2000 

9.69E  01 

0.  2449 

0.  2500 

9.  75E  04 

0.  1000 

0.  2449 

2.71E  01 

0.  2449 

0.  3194 

1.34E  01 

0.  1000 

0.2500 

2.38E  01 

0.  2449 

0.  3493 

3.04E  00 

0.  1000 

0.  3194 

4.  50E  00 

0.  2449 

0.  3742 

1.04E  00 

0.  1000 

0. 3493 

2.21E  00 

0.  2449 

0  4000 

4.  10E-01 

0.  1000 

0. 3742 

1.20E  00 

0.2449 

0.  J000 

1.84E-01 

0.  1000 

0. 4000 

6.20E-01 

0.2500 

0. 3194 

1.50E  01 

0.  1000 

0.5000 

3.  15E-02 

0.2500 

0. 3493 

3.  14E  00 

0.  1414 

0.2000 

3.  00E  02 

0.  2500 

0. 3742 

1.03E  00 

0.  1414 

0.  2449 

4.51E  01 

0.2500 

0.4000 

.  4.  01E-01 

0.  1414 

0.2500 

3.79E  01 

0.2500 

0.  5000 

1.  97E-01 

0. 1414 

0.3194 

5.00E  00 

0.  3194 

0. 3493 

1.00E  01 

0.  1414 

0.  3493 

2.25E  00 

0.  3194 

0. 3742 

8.  05E-01 

0.  1414 

0.  3742 

1.15E  00 

0.  3194 

0.4000 

5.68E-01 

0.  1414 

0.4000 

5.68E-01 

0.  3194 

0.  5000 

5.71E-01 

0.  1414 

0.5000 

4.  91E-02 

0.3493 

0.3742 

4.77E  00 

0.2000 

0.2449 

2.69E  02 

0,  3493 

0.4000 

2.  92E  00 

0.2000 

0.2500 

1.88E  02 

0.  3493 

0.5000 

1.02E  00 

0.2000 

0. 3194 

7.  11E  00 

0. 3742 

0.4000 

3.56E  01 

0.2000 

0.  3493 

2.48E  00 

0. 3742 

0.5000 

1.81E  00 

0.  2000 

0. 3742 

1.09E  00 

0.4000 

0.5000 

3.75E  00 

0.2000 

0.  4000 

4,  82E-G1 
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Fig.  5  Bremsstrahlung  absorption  cross  section  vs  the  photon  energy 
in  units  of  e^/2a  for  atomic  oxygen  with  p  =  5.  2  and  =  4.  0. 
Different  exchange  force  parameters  are  used  for  s  and  p- 
waves  (yq  =  1.3  and  Yi  =  3.  4).  Values  are  shown  for  four 
initial  wave  numbers,  ihe  dashed  line  is  an  extrapolation 
of  Taylor's  measurements  using  Z2  =  0.  2  x  10“2  with 
T  =  9000°K  in  the  Kramers'  formula. 


TABLE  X 


Oxygon  Absorption  Cross  Section  for  p  -  5.2,  d  =  4.  0,  -  1.3  and  y .  =  3.4. 


Q  (cm5)  x  1040 

3. 


0.  2000 
0.  2000 
0.  2449 
0.2449 
0.  2449 
0.  2449 
0.  2449 
0.  2449 
0.2500 
0.2500 
0.2500 
0.  2500 
0. 2500 
0.  3194 
0. 3194 
0. 3194 
0. 3194 
0. 3493 
0. 3493 
0.  3493 
0.  3742 

n  i~7a  -> 


0.4000 
0.  5000 
0.  2500 
0.  3194 
0. 3493 
0. 3742 
0.4000 
0.5000 
0. 3194 
0. 3493 
0. 3742 
0. 4000 
0.  5000 
0.  3493 
0. 3742 
0.4000 
0.  5000 
0. 3742 
0.  4000 
0.  5000 
0.4000 
n  cnnn 


Qa(cm5)  x  104° 


4.  38E-01 
9.  47E-02 
9.88E  04 
1.  39E  01 

3.  18E  00 
1.09E  00 

4.  21E-01 
1.70E-01 
1.57E  01 

3.  30E  00 
1.  09E  00 

4.  12E-01 

1.  82E-01 
1.26E  01 
9.  11E-01 
4.  88E-01 
5.26E-01 
2.89E  00 
2. 3 IE  00 
9.  38E-01 
2.93E  01 
i  nn 
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Fig.  6  Bremsstrahlung  absorption  cross  section  vs  the  photon  energy 

in  units  of  e^/2a  for  atomic  nitrogen  with  p  =  7.  6  and  <3r  -  5.  0. 
Different  exchange  force  parameters  are  used  for  s  and  p- 
waves  and  for  triplet  and  quintet  configurations.  Values  are 
shown  for  four  initial  wave  numbers.  The  dashed  line  is  an  ^ 
extrapolation  of  Taylor's  meausrements,  using  Z* ■-  0.  9  x  10* 
and  T  =  9000°K  in  the  Kramers'  form^a. 
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K . 

1 

*f 

M») 

Qa(cm5)  x  1040 

average 

triplet 

(Y0  »  0.  74,  Yj  “  -  0.  29) 

quintet 

(Y0  *  1-79,  Yj  *4.39) 

0.1000 

0.1414 

9.12 

3.09E  03 

6.89E  02 

4.52E  03 

0.10C0 

0.2000 

3.04 

2.17E  02 

7.31E  01 

3.04F  02 

0.1000 

0.2449 

1.82 

6.09E  01 

3.26E  01 

7.79E  01 

0.1000 

0.25C0 

1.74 

5.35E  01 

3.04E  01 

6.74C  01 

0.1000 

0.  3194 

n.99 

1.15E  01 

1.50E  01 

9.47E  00 

0.1000 

0.3493 

0.01 

6.94F  00 

1.20E  01 

3.88E  00 

0.1000 

0.3742 

0,70 

4.94E  00 

1.03E  01 

1.75F  00 

0.10C0 

0.4000 

0.61 

3.76F  00 

8.85E  00 

6. 98c -01 

0.1000 

O.500C 

0.38 

1.97E  00 

5.16E  00 

5 • 34E-02 

0.1414 

0.2000 

4.56 

6.77E  02 

2.74E  02 

9.19E  02 

0.1414 

0.2449 

2.28 

1.C4F  02 

6.55E  01 

1.27C  02 

0.1414 

0.25O0 

2.15 

8.77c  01 

.  5.86E  01 

1.05E  02 

0M414 

0. 3194 

hli 

1.41E  01 

2.04E  01 

1.03E  01 

0.1414 

0.1493 

0.89 

8.08E  00 

1.52E  01 

3.82E  00 

0.1414 

0.3742 

0.76 

5.63E  00 

1.24b  01 

1.60b  00 

0.1414 

0.4000 

0.65 

4.22C  00 

1.02E  01 

5.98E-01 

0.1414 

0.5000 

0.  40 

2.12E  00 

5.46c  Of> 

1.15E-C1 

0.2000 

0.2449 

4.56 

6.85E  02 

5.91F  02 

7.42C  02 

0.2000 

0 .2500 

4.05 

4.83E  02 

4.38E  02 

5. 11C  02 

0.2000 

0. 3194 

1.47 

2.62E  01 

4.58E  01 

1.44C  01 

0.2CC0 

0.3493 

1.11 

1.28E  01 

2.75C  01 

4.02E  00 

0.2000 

0.3742 

0.91 

8.24E  00 

1.97E  01 

1.37E  00 

0.2000 

0.4000 

0.76 

5.82E  00 

1.4BE  01 

4.42E-01 

0.2000 

0.5000 

0.43 

2.55E  00 

6.33E  00 

2.84E-01 

0.2440 

0.2500 

36.12 

2.94E  05 

3.64E  05 

2.53E  05 

0.2449 

0.319*. 

2.17 

7.27P  01 

i.sor  02 

2.64F  01 

0.2449 

0.3493 

1.47 

2.62E  01 

6.22b  01 

4.61F  00 

0.2449 

0.3742 

1.14 

1.45E  01 

3.67E  01 

1.14F  00 

0.2449 

0.4000 

0.91 

9.16b  00 

2.39E  01 

3.41E-G1 

0.2449 

0.5C90 

0.48 

3.20G  00 

7.69E  00 

5.09E-01 

0.2500 

0.3194 

2.31 

8.64E  01 

1.82E  02 

2.94C  01 

0.2500 

0. 3493 

1.53 

2.94E  01 

7.04F  01 

4.72E  00 

0.2500 

0. 3742 

1.18 

1.58E  01 

4.02E  01 

l.lit  00 

J.2500 

0.4000 

0.94 

9.81E  00 

2.56E  01 

3.34E-01 

•3.2500 

0.5090 

0.49 

3.31E  00 

7.91E  00 

5.42E-01 

C.3194 

0. 1493 

4.56 

7.50E  02 

1.99E  03 

8.37F  00 

0.3194 

0.374 2 

2.40 

1.29F  02 

3.44E  02 

b  .  ?  6f  -  0  1 

0.3194 

0.4C0C 

1.57 

4.46E  01 

1.1 TE  02 

1.37b  00 

0.3194 

0.5000 

0.62 

6.02E  OC 

1.38F  01 

1.37b  00 

0.3493 

0.3742 

6.06 

1.28E  03 

3.36E  03 

2 . 36C  01 

0.3493 

0.4000 

2.40 

1.63E  02 

4.?0E  0? 

8.95E  00 

0.3493 

O.50C0 

0.71 

8.98E  00 

2.01E  01 

2.27F  00 

0.3742 

0.4000 

4.56 

1.1 76  03 

2,97E  03 

l.OOE  02 

0.3742 

o.5rcc 

(  .83 

1.39E  01 

3.06E  01 

3.83b  vO 

0.4000 

0.5000 

1.01 

2.50F  01 

5. *.1E  01 

7.55F  00 
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and,  hence,  the  Maxwell  average  cross  section  is  independent  of  tempera¬ 
ture  and  given  by  the  smooth  average  of  the  calculated  results  shown  in 

Fig.  6.  The  calculated  result  in  the  IR  is  slightly  below  the  result  of  Taylor 

2  -2 

shown  in  Fig.  6  as  a  solid  line  determined  for  a  value  of  Z  -  0.  9  x  10 
using  Kramers’  expression  at  a  temperature  of  9000°K.  The  wavelength 
dependence  of  our  results  deviates  from  that  given  by  the  Kramers'  formula 
(the  solid  line  in  Fig.  6).  Thus,  predictions  for  atomic  nitrogen  Brerns- 
strahlung  at  6000  R  if  based  on  Kramers'  formulation  to  extrapolate  Taylor'd 
measurements  are  low  by  about  a  factor  2. 


7.  Summary 

Predictions  of  the  Bremsstrahlung  absorption  cross  section  for 
atomic  oxygen  and  nitrogen  have  been  obtained.  The  results  show  that  there 
is  a  consistency  between  the  photo -absorption  measurement  of  the  negative 
oxygen  ion  and  the  infrared  Bremsstrahlung  measurements  of  Taylor. 

In  this  study  the  dependence  of  the  exchange  force  on  the  configuration 
of  the  free  electron  plus  atom  has  been  taken  into  account.  This  dependence 
must  be  preserved  to  obtain  reasonable  results,  e.  g.  ,  in  atomic  oxygen  in 
which  the  Bremsstrahlung  absorption  is  small,  both  s  and  p-waves  are  near 
antiresomnee  at  low  electron  energy.  The  same  exchange  force  for  s 
and  p-waves  does  not  give  this  result.  It  is  also  necessary  in  the  case  of 
atomic  nitrogen  to  calculate  the  triplet  and  Huintet  absorption  coefficients 
separately  since  an  average  force  does  not  give  a  good  representation  of  the 
individual  p-wave. 

The  potential  that  is  used  in  these  calculations  has  only  one  free 

2 

parameter,  a  cut-off  for  the  polarization  force  (d  ).  The  value  of  this 

parameter  has  been  fixed  for  oxygen  to  give  agreement  with  the  photo- 

2 

absorption  measurements  of  the  negative  oxygen  ion.  The  value  of  d  for 
atomic  nitrogen  is  obtained  by  a  theoretical  scaling  technique.  The  polar¬ 
izabilities  are  fixed  by  experiment  and  the  exchange  force  parameters  are 
adjusted  to  be  consistent  with  the  Hartree-Fock  method. 

The  magnitude  of  the  Bremsstrahlung  predictions  are  consistent  with 
the  infrared  measurements  of  Taylor.  The  absorption  cross  section  for 


Atomic  oxygen  it  About  a  f Actor  5  less  than  that  of  Atomic  nitrogen.  The 
Maxwell  averaged  Bremsstrahlung  absorption  cross  section  for  atomic  nitro¬ 
gen  is  insensitive  to  temperature.  Its  wavelength  dependence  deviates  slightl 
from  that  given  by  the  Kramers'  expression  in  that  it  is  relatively  larger  in 
the  blue.  Extrapolations  of  Taylor's  IB  measurements  using  Kramers'  for¬ 
mulation  may  be  low  by  about  a  factor  2  at  60Q0  X. 
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SECTION  II 


I 


BREMSSTRAHLUNG  IN  AIR 


1.  Introduction 

In  *ir,  8000°Kand  1  atmosphere-of  density,  the  Bremsstrahlung  from 
electrons  accelerated  in  the  fields  of  neutral  atoms  and  molecules  contrib- 

j  2  3  i 

utes  about  10  percent  of  the  total  (spectrally  integrated)  emissivity.  *  ’ 

Recent  measurements  of  infrared  radiation  from  air  and  nitrogen  by  Taylor^ 
have  demonstrated  that  molecular  nitrogen  is  the  most  important  source  of 
this  radiation  having  about  twice  the  cross  section  of  that  of  atomic  nitrogen. 

Unfortunately,  the  molecular  nitrogen,  whichicthe  most  important 
source  of  Bremastrahlung  in  high  temperature  air,  is  the  most  difficult  to 
handle  theoretically. 

In  Part  2,  the  derivation  of  the  quantum  mechanical  calculation  of 
Bremsstrahlung  from  a  spherically  symmetric  potential  is  outlined.  In 
Part  3,  a  simple  approximation  relating  the  Bremastrahlung  to  the  momen¬ 
tum  transfer  cross  section  is  given.  In  Part  4,  a  calculation  by  Stier20  of 
the  elastic  scattering  of  electrons  by  molecular  nitrogen  is  reviewed.  Using 
a  similar  approach  for  Bremsstrahlung,  it  is  shown  that  the  relation  between 
Bremastrahlung  and  elastic  scattering  is  as  reasonable  in  the  molecular 
as  in  the  atomic  case.  In  Part  5,  a  summary  of  estimates  of  neutral  Brems~ 
strahiung  in  high  temperature  air  is  given.  In  addition  to  the  molecular 
nitrogen  the  results  for  molecular  oxygen  using  the  same  approximation 
given  in  Part  3  and  justified  in  Part  4  for  molecular  nitrogen.  The  atomic 
oxygen  and  nitrogen  results  are  based  on  recent  calculations  designed  to  be 
consistent  with  the  photo -absorption  cross  section  of  negative  atomic  oxygen.2' 

2.  Bremsstrahlung  from  Low  Energy  Electrons  Scattered  by  a 

Spherically  Symmetric  Potential 

22 

Following  Nedelsky,  the  assumption  is  made  that  the  radiation  is 
proportional  to  the  electron  acceleration  matrix  element  squared  in  an 
analogy  with  the  classical  result 


-4!  - 


2 


(38) 


J  = 


Nedelsky,  who  uses  a  cut-off  Coulomb  potential,  has  the  acceleration  in 
the  form 


for  r  <  a 


(39) 


The  initial  electron  state  is  determined  such  that  when  a  unit  incident 
plane  wave  is  subtracted  only  the  outgoing  (e  )  waves  remain.  The 
final  states  are  composed  of  both  in -going  and  out-going  waves  and  are 
normalized  so  that  each  component  represents  one  encounter  per  unit  of 
time. 


Although  Nedelsky  treats  this  problem  in  general,  the  present  review 
is  limited  to  the  lowest  order  waves  (s  and  p  waves).  Then  for  the  initial 
state 

a  /  iSq  *^1  \ 

*  i  _2 -  L  C0i  +  3ie  CO.  DGjj)  (40) 

*  i  ' 

To  obtain  the  total  radiation,  a  summation  has  to  be  carried  out  over  the 
final  states  and  to  this  low  order  approximation  the  final  states  are 
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The  absorption  cross  section  is  found  to  be 


256  *2 
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(46) 


28 

This  is  just  the  expression  used  by  Chandresakar  end  Breen  and  others 

*y 

where  Z/r  is  the  radial  derivative  of  the  potential  energy  in  atomic  units. 
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3.  Hundley's  Remit  (Born  Approximation) 

The  close  relation  between  the  Bremsstrahlung  and  the  elastic  scat¬ 
tering  cross  sections  is  seen  in  the  earliest  quantum  mechanical  studies  of 

22 

this  problem.  Nedelsky,  using  a  cut-off  Coulomb  potential,  found  the 

23 

same  maxima  and  minima  as  Allxs  and  Morse  in  the  elastic  scattering. 
Thus,  the  same  minima  whi_h  explained  the  Ramsauer  minimum  cross  sec¬ 
tion  in  argon  and  krypton  indicate  in  Nedelsky* s  quantum  mechanical  calcu¬ 
lation  that  the  Bremsstrahlung  from  low  energy  electrons  will  be  small  for 

24 

these  elements.  More  recently,  Ohmura  and  Ohmura  have  related  the 

hydrogen  atom  Bremsstrahlung  to  its  phase  shifts.  The  validity  of  this 

approach  for  hydrogen  has  been  definitized  by  the  recent  calculations  of 
25  26 

Celtman.  Hundley  has  recently  assumed  that  this  may  be  a  generally 
useful  approach  and  has  tried  to  apply  the  Born  approximation  to  this  prob¬ 
lem. 


Ki=Kf 


Hundley's  relation  for  the  Bremsstrahlung  emission  is  (in  the  limit 
s  K) 


do 
d  w 


16  e2* 


m 

4ra^ 


(47) 


and  Qm  is  the  momentum  transfer  cross  section.  The  intensity  (J)  in  the 
previous  section  is  defined  by 


j  =  27fhv  *3— 


(48) 


In  applying  this  result,  Hundley  suggested  using  the  zero  energy 
scattering  length  to  determine  the  momentum  transfer  cross  section. 

4 

Since  the  low  energy  nitrogen  cross  section  is  apparently  fairly  small 
this  extension  would  imply  a  small  molecular  nitrogen  Bremsstrahlung. 
However,  it  seems  more  reasonable  to  retain  the  original  momentum  transfer 
cross  section  in  Eq  (47)  and  thereby  avoid  the  question  of  the  low  energy 
limit  and  extrapolating  to  the  energies  of  interest. 


4.  Molecular  Nitrogen 

A  reasonably  successful  attempt  at  predicting  the  elastic  scattering 

20 

of  low  energy  electrons  by  molecular  nitrogen  has  been  given  bv  Stier. 
Although  the  model  for  the  electron  molecule  interaction  is  crude,  it  is 
adjusted  on  a  semi-empirical  basis  to  give  the  scattering  resonance  at 
2.  3  ev  so  that  reasonable  agreement  is  obtained  with  both  the  total  experi¬ 
mental  cross  section  and  its  angul.  r  distribution.  A  significant  difference 
between  this  case  and  the  spherically  symmetric  one  is  that  the  p-wave  has 
two  parts  depending  on  the  projection  of  its  angular  momentum  along  the 
internuclear  axis  of  the  molecule.  This  projection  is  designated  by  m. 
There  are  two  important  states  with  £,m  values  p,o  and  p ,*  .  Stier's 
work  indicates  that  it  is  the  p,  a  wave  which  has  a  resonance  at  2.  3  ev. 

Stier  gives  an  expression  for  the  elastic  scattering  cross  section 
in  terms  of  the  partial  wave  phase  shifts.  It  is 

4xa  ^ 

Q  a  - - -  2-»  {2-6ft  )  sin  6  (49) 

—p  0m>  t.m  •» 

where  6gm  is  zero  except  when  m  equals  0  ,  in  which  case  it  is  1  .  If 

the  phase  shift  for  the  two  p-wave s  is  the  same,  then  this  reduces  to  the 

2 

spherically  symmetric  result  f(2£+l)sin  6^ . 

In  the  case  of  interest  for  the  p-waves,  the  m  ■=  1  phase  shift  is 
negligible,  and  the  remaining  contribution  to  the  cross  section  (m  =  0)  has 
a  coefficient  which  is  i/3  of  that  for  the  p-wave  in  spherically  symmetric 
scattering. 

Following  Stier,  a  corresponding  effect  in  the  Bremsstrahlung 
relations  would  be  expected.  Stier  has  solved  the  molecular  scattering 
problem  as  an  expansion  in  the  parameter  £  =  d/X  where  d  is  the  nuclear 
separation  in  the  molecule  and  X  is  -fi/mv,  the  deBroglie  wavelength  for 
the  electron. 

In  the  limit  of  £  going  to  zero,  the  wave  functions  are  very  similar 
to  those  encountered  in  the  symmetrical  scattering  estimate  of  Bremsstrah¬ 
lung.  The  one  exception  is  that  the  radial  part  of  the  p-wave  function 


now  has  two  parts  corresponding  to  the  two  values  of  m.  The  initial  state  is 
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"i  ^vi 
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(G0)t  +  3ie  (G1ft) 
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(50) 


where  the  z-axis  is  chosen  along  the  direction  of  the  incident  plane  wave 
so  that  only  m  =  0  occurs.  For  the  final  states  (as  in  Part  2)  only  the  four 
lowest  terms  are  considered 


<*0>f  = 
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n/V^  N/4'7T 
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-j—  ^77  cos  ®  <Gio>f  (51) 

?  nr 

{*1  *  1>£  s  — -  >—  sin»  «  (Gn)f 
lf*  1  -sTvf  8  7T  111 

where  (G^m)f  is  the  radial  function  for  the  I,  m  wave.  Substituting  these 
wave  functions  into  Nedelsky's  expression  for  the  intensity  gives 


As  in  the  elastic  scattering,  if  only  the  m  =  0  phase  of  the  £  =  1  states 
is  important,  the  Bremsstrahlung  is  reduced  by  a  factor  1/3. 
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When  the  incident  plane  wave  is  at  an  angle  a  with  the  z-axis,  the 
same  result  is  obtained  so  that  in  this  approximation  the  average  over  angles 
of  incidence  gives  the  same  result  as  taking  the  incident  wave  along  the  z-axis. 

It  is  concluded  to  this  order  of  approximation  that  the  Bremsstrahlung 
is  proportional  to  the  momentum  transfer  cross  section,  even  in  the  non- 
spherically  symmetric  case. 

5.  Results  and  Summary 

As  a  result  of  (1)  the  above  study  of  Bremsstrahlung  for  molecular 
nitrogen,  (2)  the  Born  approximation  as  given  by  Hundley,  and  (3)  our  numer¬ 
ical  calculations  of  the  atomic  oxygen  and  atomic  nitrogen  neutral  Brems- 

21 

strahlung  and  elastic  scattering  cross  sections,  it  is  concluded  that  Hund¬ 
ley's  approximation  should  give  a  reasonable  estimate  of  the  Bremsstrahlung 
absorption  cross  section. 

Using  this  approximation,  the  estimates  of  the  neutral  Bremsstrahlung 
from  high  temperature  air  can  be  obtained.  The  emissivity  per  unit  length 
is  determined  according  to 


-X  =  2Ni  Ne  Qa 


where  the  density  of  particles  N.  and  are  taken  from  the  Bureau  of 

Standards  results  by  Hilsenrath  et  al.  28  The  radiation  absorption  cross 

section  Q  is  determined  from  the  Maxwell  averaged  momentum  transfer 
a 

cross  section  C2  by 
m 


Qa  *  2.  9  x  10 


/  1.  36'2X 
\  1.24p 


600  x  0.  544 


For  the  Maxwell  average  the  following  has  been  used: 


Q  «  r  Q  (z  + 
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where  u  =  E/kT  and  E  is  the  initial  electron  energy.  By  using  measured 
values  of  Q  and  by  taking  values  at  E  +  (1.24/2A),  an  attempt  has  been  made 
to  take  account  of  the  fact  that  the  final  state  of  the  electron  is  at  higher 
energy  than  the  initial  state. 

With  the  emissivity  per  unit  length  the  spectral  intensity  is  calculated 
according  to 


I 


A 


T 


jT 

TiFU 
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(55) 


where  u  =  hv/kT. 
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The  results  given  by  Phelps  et  al.  are  used  for  the  momentum 

29 

transfer  cross  section  of  molecular  nitrogen  and  of  Ramsauer  et  al.  7 for 
molecular  oxygen.  Our  calculation  of  the  Bremsstrahlung  goes  directly 
to  that  for  atomic  oxygen  and  nitrogen.  The  results  are  given  in  four  tables. 
These  contain  the  intensity  (I)  in  watts/cm  /ster  micron  and  the  emissivity/ 
cm  (e/L) ,  i.  e. ,  the  fraction  of  the  blackbody  intensity  from  1  centimeter  of 
optical  depth.  These  results  are  given  for  temperatures  between  3000  and 
15,000°K,  densities  between  10~5  and  10  atm  and  wavelengths  between  0.3 
and  4.8p.  A  sample  of  these  data  are  plotted  in  Fig.  7,  which  gives  the  in¬ 
tensity  tor  the  four  neutral  species  considered  as  a  function  of  wavelength 
at  T  -  9000°K  and  p/pQ~  10.  Also  shown  is  the  blackbody  limit. 

These  results  are  consistent  with  the  measurements  of  Taylor5  and 
the  tables  of  emissivity  prepared  by  Allen50  based  on  Taylor’s  measure¬ 
ments. 
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Fig.  7  The  spectral  intensity  in  watts  per  cubic  centimeter -steradian- 
micron  as  a  function  of  wavelength  in  microns.  The  Bremsstrah 
lung  continuum  components  for  molecular  N?  and  0%  and  atomic 
N  and  O  are  given  separately.  Also  shown  Is  the  corresponding 
Planck  limit.  These  curves  are  for  a  temperature  of  9000°K 
and  a  density  p/pc  =  10.  The  component  curves  are  shown  as 
dashed  lines  when  the  intensity  from  1  cm  of  optical  depth  ex¬ 
ceeds  the  Planck  limit. 
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SECTION  III 

SYNCHRONIZED  HIGH-SPEED  SCANNING 
INFRARED  SPECTROiviETER 


1.  1m  reduction 

The  specsral  radii.tion  intensity  of  a  short  duration  radiation  source 
is  usually  measured  using  a  spectrograph  or  a  multichannel  spectrometer. 
When  the  spectral  radiation  intensity  varies  in  times  of  the  order  of  10  to 
50  p  sec,  such  as  in  shock  tubes,  spectrographs  must  be  equipped  with  drum 
cameras  or  high  speed  shutters  in  order  to  provide  time  resolution.  How¬ 
ever,  the  uncertainties  inherent  in  quantitative  analysis  of  spectrograms  and 
the  limited  sensitivity  and  spectral  range  of  emulsions  usually  result  in 
spectrographs  being  used  only  for  qualitative  analysis.  More  suitable  are 
multichannel  spectrometers  which  provide  continuous  radiation  histories  for 
a  numbe»  of  adjacent  wavelength  bands.  However,,  with  these  instruments, 
a  number  of  stable  detector-recorder  systems  must  be  sinultaneously  main¬ 
tained,  and  the  resulting  spectrum  contains  discontinuities  between  each 
adjacent  band. 

The  disadvantages  of  he  above-mentioned  systems  are  avoided  by 
using  a  scanning  spectrometer  which  is  synch*  onized  with  the  source.  Many 
varieties  of  rapid  scanning  spectrometers  have  been  built,  ^  employing 
various  methods  of  scanning  the  spectrum  including  electronic  scanning, 
movsmed  of  one  of  the  optical  components,  or  movement  of  the  slit.  These 
instruments  either  scan  a  narrow  spectral  region  with  good  spectral  reso¬ 
lution  or  a  wide  spectral  region  with  more  modest  resolution.  Photomul¬ 
tipliers  or  electronic  storage  devices  are  used  as  detectors  in  the  visible 
spectral  region  while  the  fast  response  photoconductive  detectors  have  been 
used  in  the  infrared.  A  synchronized  high  speed  scanning  infrared  spectro¬ 
meter  o£  novel  design  will  be  described  in  this  report.  The  instrument  was 
built  to  operate  in  the  Infrared  region  from  2  to  fc  microns  scanning  a  spectral 
region  0.  6  microns  wide  in  30  sec. 

In  the  following  Parts  of  this  report  the  instrument  will  be  described 
and  its  performance  pr.-  *  fnted.  In  order  to  illustrate  the  chief  advantages 


of  this  spectrometer,  its  high  scanning  rate  and  its  time  syneronization 
with  short  duration  sources,  a  brief  description  will  be  given  of  the  use  of 
the  instrument  to  obtain  radiation  data  on  gases  heated  to  high  temperature 
in  shock  tubes. 


2.  Description  Of  The  Instrximent 

The  spectrometer  consists  of  an  i/lZ  Ebert  type  monochromator  with 

a  scanning  mirror  placed  2  inches  before  the  exit  slit,  as  shown  in  Fig.  B. 

& 

An  infrared  detector  with  a  sensitive  area  0.  3  x  5  mm  acts  as  the  exit  slit, 

although  a  separate  slit  and  a  large  detector  area  could  also  be  need.  Since 

this  instrument  was  built  to  survey  the  infrared  emission  from  high-temperature, 

shock-heated  gases,  it  was  decided  to  sacrifice  resolution  in  order  to  scan 

M  appreciable  portion  of  the  infrared  spectrum  in  times  commensurate 

with  the  experiment.  A  total  scan  of  0.6  pin  30  p sec,  or  a  scanning  rate 

of  0.02  p/  psec,  was  desired,,  To  achieve  this  within  the  basic  deisgn  of 

the  spectrometer,  a  grating  ruled  with  10  grooves/mm  was  necessary  to 

obtain  an  inverse  linear  dispersion  of  0.2  p/mm.  The  blaze  wavelength  of 

the  grating  was  chosen  to  maximize  the  signal-to~noise  ratio  in  the  region 

2-6  p.  Caking  into  account  the  manufactu *er’s  sensitivity  'urve  for  the  indium 

antimoriide  detector.  The  final  grating  3ed  in  the  instrument  was  a 

5.  8-cm  square  magnesia’. a  grating  with  10  grooves/mm,  ^ 

and  O-v.  ~  l  . 

.Blaze 

In  order  to  achieve  wavelength  scanning  the  scanning  mirror  is 
spun  by  3  magnetic  field  created  when  a  current  pulse  is  passed  through  a 
coil  surrounding  the  mirror.  The  mirror  accelerates  for  about  15  psec 
and  then  coasts  with  a  constant  ratational  velocity  producing  &  linear  scanning 
rate  of  about  0.  1  mm  per  pr.ee.  Since  the  inverse  linear  dispersion  is 
0.2  p/mm,  the  spectral  scanning  rate  is  0.02  p/p  sec. 


•g? - - - - - — - - - 

Philco  Model  ISC  301  D  and  Texas  Instruments  Model  XSV  liquid  nitrogen 
cooled  indium  detectors  have  been  used. 

Ruled  by  Bausch  and  Lomb. 
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Fig.  8 


IKFKfeRgD  DETECTOR 


Schematic  diaaram  (side  view)  of  the  synchronized  high  speed  scanning 
££££& S  “Aaslc  q»!»«  U  an  Mr.  *P>  . 
with  an  aluminum  scanning  mirror  placed  2  inches  before  the  ex  t 
(IR  detector). 
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The  scanning  mirror  consists  of  an  aluminum  disk  0.  31  inch  in 
diameter  and  0.  04  inch-thick,  on  each  face  of  which  aluminum  mirrors 
are  replicated  as  follows.  A  recess  0.  005  inch  deep  is  cut  into  each  face 
ot  the  disk  leaving  a  0.  010  inch-thick  nm.  A  drop  of  epoxy  cement  was  used 
in  the  recess  to  cement  the  disk  to  a  freshly  aluminized  optical  flat.  Upon 
separation  of  the  disk  from  the  optical  flat  the  aluminum  surface  remained 
attached  t>  the  disk.  By  this  technique,  good  quality  mirror  surfaces  are 
easily  produced. 

The  mirror  is  supported  inside  a  split  6~turn  coil  by  two  pivots, 
one  of  which  is  hollow.  The  coil  is  potted  to  orovide  rigidity,  and  the 
pivots  are  screwed  into  the  coil  assembly.  The  mirror  may  be  rotated 
manually  ty  means  of  a  knob  attached  by  bevel  gears  to  a  wire  inserted 
through  the  hollow  pivot  and  pressed  into  a  rubber  sleeve  mounted  in  the 
bearing  hole  in  the  mirror.  The  rubber  sleeve  is  attached  to  and  rotates 
with  the  mirror.  This  arrangement  provides  a  small  amount  of  friction  to 
move  the  mirror  manually,  but  not  enough  to  impede  the  rotation  of  the  mirror 
during  scanning. 

The  current  pulse  that  passes  through  the  coil  is  provided  by  a  single 
shot,  p  -’_e  generator,  consisting  essentially  of  a  60  pf  capacitor  which 
can  be  charged  to  800  volts.  The  current  is  dumped  across  the  coil  by 
triggering  a  thyratron  tube  with  an  external  electrical  pulse,  such  as  the 
gate  pulse  from  an  oscilloscope. 

In  order  to  accurately  indicate  the  wavelength  while  scanning,  a 
wavelength  calibration  signal  generator  was  incorporated  into  the  instru¬ 
ment.  The  signal  is  produced  by  a  photomultiplier  in  front  of  which  is 
placed  a  linear  grid.  A  line  light  source  is  imaged  by  a  concave  mirror 
onto  this  grid  after  being  reflected  twice  from  the  back  face  of  the  scanning 
mirror  as  is  schematically  shown  in  Fig,  9.  As  the  scanning  mirror  rotates, 
tiie  image  of  the  source  travels  across  the  grid  causing  radiation  to  fall 
intermittently  on  the  photomultiplier.  The  spaces  in  the  grid  are  equidistant, 
with  the  exception  that  the  spaces  immediately  adjacent  to  the  central  or 
"index"  space  have  been  blocked  so  as  to  enable  accurate  identification  of 
the  index  signal.  The  normal  distance  between  the  spaces  in  the  grid 
corresponds  to  a  wavelength  interval  of  0.  p  .  The  output  of  the 
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LINE  LIGHT  SOURCE 


Fig.  9  Schematic  diagram  of  the  scanning  mirror  assembly  nd  wavelength 
calibration  signal  generator.  The  dispersed  radiation  enters  from 
tiie  right  and  is  deflected  by  the  upper  surface  of  the  scanning  mirror 
to  the  infrared  detector  at  the  top  of  the  figure.  The  line  light  source 
of  the  wavelength  calibration  signal  generator  is  at  the  bottom  of  the 
figure.  This  light  is  reflected  twice  off  the  bottom  side  of  the  scanning 
mirror  and  is  brought  to  focus  on  a  grid  placed  in  front  of  a  photo** 
multiplier.  Rotation  of  the  scanning  mirror  causes  the  light  to  move 
across  the  grid  generating  a  series  of  pulses  which  can  be  used  to 
measure  the  angular  position  of  the  mirror  and  hence  the  wavelength 
of  the  radiation  failing  on  the  IR  detector. 
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wavelength  calibration  signal  generator  is  recorded  simultaneously  with 
the  infrared  detector  signal  on  a  dual  beam  oscilloscope  thus  providing 
a  calibrated  wavelength  scale  with  each  scan. 

The  grating  can  be  rotated  to  obtain  the  desired  wavelength  band, 
and  a  dial  indicator  has  been  provided  to  show  the  grating  position.  This 
dial  has  been  calibrated  to  indicate  the  wavelength  falling  on  the  exit  slit 
for  the  index  position  of  the  scanning  mirror.  The  calibration  was  accom¬ 
plished  by  using  the  instrument  to  scan  various  known  bands  of  molecules  in 
absorption.  For  example,  Fig.  10  (a)  shows  the  oscillogram  obtained  by 
scanning  the  3.  04  p  absorption  band  of  306  torr  of  C-H-  contained  in  a  10-cm 
path  length  cell  using  a  1000  K  blackbody  source.  The  lower  trace  on  the 
oscillogram  shows  the  wavelength  calibration  signal  including  the  prominent 
index  signal.  Figure  3  (b)  shows  a  similar  absorption  trace  of  the  4.  26  p 
band  of  CO^,  This  was  obtained  from  the  air  in  the  optical  path  of  the 
instrument.  In  normal  operation,  the  spectrometer  is  flushed  with  dry  N2 
to  eliminate  such  absorption  from  atmospheric  components  CO ^  and  H^O. 

By  using  various  gases,  films,  and  narrow  band  interference  filters,  a 
calibration  curve  covering  the  useful  range  of  the  instrument  was  constructed 
and  is  shown  in  Fig.  11. 

The  combination  of  linear  dispersion  and  detector  width  provide 
a  theoretical  spectral  resolution  of  0.  06  p  .  Measurements  made  by 
scanning  lines  and  bands  indicate  that  the  experimental  resolution  is  0.  07 p. 
The  response  time  of  the  infrared  detector  was  experimentally  measured 
using  a  x^adiation  chopper  built  at  this  laboratory  which  can  produce  trape¬ 
zoidal  shaped  light  pulses  of  1-2  psec  duration  with  total  rise  times  of  0.  1- 
0.  2  psec.  From  this  information  the  response  time  {90%  of  total  rise)  of 
the  detector-electronic  system  was  adjusted  to  be  about  2.  5  psec,  which 
provides  the  maximum  integration  and  hence  signal  for  the  given  spectral 
resolution  and  scanning  rate. 

3.  Performance 

Prior  to  operation  of  the  spectrometer  the  scanning  mirror  is  set 
visually  so  that  the  image  of  the  wavelength  calibration  source  is  on  the 
short  wavelength  side  of  the  grid.  The  image  of  the  source  is  easily  observed 
inside  the  spectrometer  through  a  window  in  the  side  of  the  instrument  casing. 


4.0  ATM-CM  OF  ACETYLENE 


(a)  The  top  trace  ia  from  the  IR  detector  and  shows  the 
absorption  produced  by  4.  0  atm»cm  of  acetylene.  The 
bottom  trace  is  the  wavelength  calibration  signal  and 
has  been  used  to  produce  the  wavelength  scale  shown  on 
the  oscillogram. 
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(b)  The  two  traces  have  the  same  meaning  as  ir.  {&)  but 
the  absorption  is  caused  by  the  atmospheric  CO^  in 
the  optical  path. 

Fig.  10  Typical  scans  of  molecular  absorption  bands.  The  radiation 
source  was  a  1000°K  blackbody. 
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INDICATOR  DIAL  SETTING 


Wavelength  calibration  curve  for  the  scanning  spectrometer.  All 
the  data  points  are  wavelengths  determined  by  scanning  molecular 
absorption  bands  of  gases  or  polystyrene  film  or  from  scanning 
interference  filters.  The  solid  line  is  a  theoretical  curve  deter¬ 
mined  from  the  grating  characteristics  and  the  dimensions  of  the 
instrument, 


On  triggering,  the  capacitor  is  then  discharged  through  the  coil  spinning 
the  mirror  and  causing  the  spectrum  to  move  across  the  exit  slit.  The 
mirror  must  then  be  reset  for  the  next  measurement.  The  output  of  the 
detector  and  wavelength  calibration  signal  generator  are  recorded  simul¬ 
taneously  on  a  dual  beam  oscilloscope,  as  illustrated  by  the  C^H^,  and  CO^ 
absorption  signals  shown  in  Fig.  10. 

Time  measurements  on  the  wavelength  calibration  signal  provide 
data  from  which  the  rotational  velocity  history  of  the  scanning  mirror  can 
be  determined.  The  rotational  velocity  of  the  mirror  in  revolutions  per 
second  is  plotted  against  time  after  the  initiation  of  the  discharge  of  the 
current  through  the  coil  as  shown  in  Fig.  12.  The  mirror  is  seen  to  accel¬ 
erate  for  about  17  psec,  and  to  coast  at  a  constant  rotational  velocity.  The 
spectral  data  is  obtained  during  the  first  rotation  just  after  the  mirror  has 
reached  constant  velocity. 

In  order  to  make  absolute  spectral  measurements  with  this  instru¬ 
ment,  it  was  necessary  to  calibrate  the  spectrometer  against  a  standard 
source.  An  absolute  spectral  sensitivity  curve,  shown  in  Fig.  13,  was 
obtained  by  using  a  10GQ°K  blackbody  source  with  the  scanning  mirror  held 
fixed  in  its  index  position.  The  blackbody  was  focused  on  the  entrance  slit 
of  the  spectrometer  with  the  same  optical  system  as  used  on  the  shock  tube. 
High-pass  filters  at  0.  9  H1  and  2.  8  p  were  used  when  needed  to  eliminate 
higher  orders.  The  linearity  of  the  detector  and  electronics  were  also 
checked  by  varying  the  blackbody  source  temperature  and  the  entrance  slit 
width. 

A  difficulty  associated  with  many  scanning  instruments  that  use 
rotating  mirrors  is  that  the  optical  path  is  vignetted  as  the  mirror  turns. 
This  problem  is  inherent  in  the  current  instrument,  but  has  been  accounted 
for  by  establishing  an  experimental  vignette  correction  as  shown  in  Fig.  14. 
The  vignette  correction  was  determined  in  two  different  ways.  Scans  of 
the  blackbody  source  at  1000°K  were  compared  to  the  "static"  calibration 
curve,  Fig.  13.  The  ratio  of  the  static  calibration  signal  taken  with  the 
mirror  at  it*  index  position  to  the  scan  signal  at  the  same  wavelength  is 
the  vignette  correction  factor.  In  order  to  assure  that  there  are  no  vignette 
factors  that  arise  only  when  the  mirror  is  pulsed,  e.  g.  ,  due  to  distortion 


-62- 


Fig.  12  Plot  of  the  rotational  velocity  of  the  scanning  mirror  versus  time 

after  the  initiation  of  the  current  pulse  through  the  coil  that  surrounds 
the  mirror.  The  mirror  is  seen  to  accelerate  for  about  17p.sec  and 
then  rotates  at  a  constant  velocity  of  about  100  rps.  Spectral  data 
are  taken  during  the  constant  velocity  region. 
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3  Absolute  spectral  sensitivity  curv,»  for  the  infrared  scanning  spec¬ 
trometer.  The  source  used  was  a  1000°K  blackbody.  The  calibration 
was  performed  using  the  shock  tube  optical  system.  The  different 
are  for  two  spectral  regions  using  two  different  blocking 
filters  to  eliminate  higher  order  radiation. 


VIGNETTING  CORRECTION  FACTOR 


-.3  -A  -.3  -.2  0  .1  .2  .3  .4  .3 


WAVELENGTH,  M,  micron,  FROM  INDEX  POSITION  OF  MIRROR 


Fig.  14  Experimentally  determined  vignetting  correction  factor  as  a  function 
of  AX  from  the  index  position  of  the  scanning  mirror.  The  vignetting 
correction  factor  was  determined  by  a  comparison  of  dynamic 
(scanning)  data  to  static  data,  O;  and  also  by  comparing  dynamic  to 
dynamic  datas  □.  The  solid  curve  is  a  4th  degree  curve  fit  to  the 
data  and  is  used  for  data  analyses. 


of  the  scanning  mirror,  the  correction  factor  was  also  determined  from 
purely  dynamic  data.  Scans  were  made  of  the  same  source  at  slightly 
different  wavelength  settings.  The  ratio  of  the  signal  at  the  index  position 
of  one  scan  to  the  signal  at  the  same  wavelength  on  the  other  scan,  is  again 
the  vignetting  correction  factor.  As  seen  in  Fig.  14,  the  results  of  both 
of  these  methods  agree  within  the  scatter  of  the  data.  The  vignette  factor 
is  also  observed  to  be  symmetric  about  the  index  position  of  the  mirror. 

The  curve  in  Fig.  14  is  a  4th  degree  curve  fit  to  the  data  which  is  the  actual 
vignette  correction  factor  used  in  data  reduction. 

In  the  present  experiments  using  this  scanning  spectrometer  on  a 
shock  tube,  the  „est  time  varied  from  30  to  50  psec.  It  is  obviously  desirable 
to  synchronize  the  spectrometer  with  the  arrival  of  the  shock  wave  at  the 
teat  station  so  as  to  use  that  portion  of  the  scan  with  minimum  vignette 
correction.  It  has  proved  easy  to  accomplish  this  synchronization  in  actual 
practice  so  that  the  maximum  vignette  correction  was  not  more  than  1.  50 
on  any  shock  tube  run  and  generall;,  of  the  order  of  1. 25  to  1.  30. 

4.  Use  Of  The  Instrument 

The  scanni:*£,  infrared  spectrometer  described  in  this  paper  has  been 
used  on  a  shock  tube  to  measure  the  spectral  radiation  intensities  of  air, 
nitrogen,  argon,  and  neon  heated  by  reflected  shocks.  The  shock  tube  was 
a  conventional,  combustion-driven  tube;  the  driven  section  was  of  square 
cross  section  1.  37  inches  wide  and  10  feet  long.  The  spectrometer  was 
positioned  to  view  the  shock-heated  gas  through  ;;  0.  080  inch  thick  sapphire 
window  in  a  di  .eetion  perpendi  cular  to  the  shock  tube  axis  about  1  inch 
from  the  end  wall  as  shown  in  Fig.  15.  A  photomultiplier  used  for  monitoring 
the  shocked  gas  and  for  timing  was  positioned  ?n  the  opposite  side  of  the 
test  section  from  the  spectrometer.  It  was  used  with  a  slit  system  that 
restricted  its  field  of  -  lew  to  the  same  region  of  test  gas  as  was  viewed  by 
the  spectrometer.  Th.H  photomultiplier  has  an  5-1  cathode  and  was  sensitive 
to  a  broad  band  of  radiation  in  the  near  infrared. 

Figure  15  also  illustrates  the  method  of  displaying  data  for  these 
shock  tube  runs.  The  oscilloscopes  {a}  and  (b)  are  triggered  from  a  neat 
transfer  gauge  located  approximately  13  inches  upstream  from  the  end  wall 
of  the  tube  after  a  fixed  delay  which  is  railed  depending  upon  the  expected 


.  15  Schematic  of  experimental  arrangement  of  the  scanning  spectromete 
in  «se  on  the  shock  tube. 


shock  velocity.  On  scope  (a)  the  monitor  photomultiph  r  and  the  infrared 
signal  from  the  scanning  spectrometer  are  displayed,  w,  lie  on  r-cope  fb) 
the  IR  signal  and  the  wavelength  calibration  generator  sig  al  are  d  ,, flayed, 
generally  at  a  different  sweep  speed  than  that  of  scope  (a). 

Figure  16  shows  the  oscillograms  from  a  shock  tube  run  which 

produces  an  equilibrium  temperature  of  9925°K  in  argon,  1'  e  various 

traces  represent  the  infrared  signal  from  the  spectrometer  '1'  and  (3), 

the  monitor  photomultiplier  (2),  and  the  wavelength  callbraiic:,  signal  (4). 

The  time  of  shock  arrival  is  indicated  beneath  the  oscillogram  c,1  scope 

(a)  and  is  seen  to  occur  just  prior  to  the  initiation  of  the  oscilloscope  sweeps. 

The  monitor  signal  is  seen  to  rise  for  approximately  40  microseconds  and 

then  to  remain  constant  for  approximately  100  microseconds.  This  constant 

portion  represents  the  equilibrium  test  gas  and  hence  the  te3t  time.  The 

contact  surface  between  the  shock  gas  and  driver  gas  is  seen  to  arrive  at 

the  test  station  at  aporoximately  180  microseconds  indicating  the  end  of  the 

available  test  time  in  this  run.  The  wavelength  scale  shown  on  the  oseiTogram 

of  scope  (b)  was  obtained  from  the  wavelength  calibration  signal.  The  infrared 

signal  from  the  spectrometer  under  these  conditions  is  primarily  a  contini.  im 
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produced  by  the  inelastic  scattering  of  electrons  by  neutral  species  .  Hcv  - 
ever,  by  means  of  this  scanning  technique  contributions  due  to  various 
known  lines  are  also  evident.  A  few  of  these  lines  have  been  indicated  on 
the  oscillogram  at  2.  42,  2.  55  and  2.  88  p  ,  These  data  can  be  reduced  to  an 
absolute  spectral  radiation  intensity  by  applying  the  absolute  calibration 
curve.  Fig.  13,  the  vignette  correction  factor.  Fig.  14,  and  a  transmission 
correction  for  the  sapphire  window. 

Figure  17  summarizes  results  obtained  in  shock  heated  argon  at 
o 

a  temperature  of  9900  K  over  the  wavelength  range  of  2-5.4  p.  Each 
line  segment  was  obtained  from  a  single  scan  during  a  shock  tube  run  from 
data  such  as  is  shown  in  Fig.  16.  The  data  have  been  normalized  to  a 
standard  temperature  by  using  the  monitor  signal.  The  gape  in  the  spectral 
coverage  are  regions  in  which  considerable  structure  due  to  lines  occur.  The 
regions  have  been  removed  in  Fig.  17  in  order  to  leave  just  the  continuum 
contribution. 
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Fig.  16  Oscillogram  showing  data  obtained  with  the  scanning  spectrometer 
from  a  shock  tube  experiment  in  argon  producing  an  equilibrium 
temperature  behind  the  reflected  shock  of  9925°K,  Scope  (a)  shows 
signals  from  the  scanning  spectrometer  (1)  and  the  monitor  photo¬ 
multiplier  (2)  at  a  sweep  speed  of  20  jx sec/c m.  Scope  (fa)  shows 
signals  from  the  scanning  spectrometer  (3)  and  the  wavelength 
calibration  generator  (4)  at  a  sweep  speed  of  10  jxsec/cm. 
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»<u  »s 


WAVELENGTH,  microns 


Radiant  intensity  of  continuum  infrared  radiation  from  argon, 
shock  heated  to  an  equilibrium  temperature  of  9900  K  as  a 
function  of  wavelength.  Each  line  represents  a  Bhock  tube  run 
using  the  scanning  spectrometer.  The  gaps  in  the  data  are  regions 
of  line  radiation  which  have  been  removed  in  this  presentation 
to  show  just  the  continuum  contribution. 


Two  obvious  advantages  of  a  scanning  instrument  are  evident  from 

these  results:  1)  by  comparison  to  an  earlier  study  made  with  a  single 
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channel  spectrometer  ,  it  is  obvious  that  far  fewer  runs  with  the  scanning 
instrument  are  necessary  to  define  a  reasonable  spectral  region,  and  2) 
scanning  allows  one  to  separate  out  continua  from  line  and  band  radiators" 
which  is  an  important  consideration  in  studies  devoted  to  obtaining  absolute 
intensities  of  continuous  sources.  Of  course,  if  it  is  the  line  or  band 
contributions  that  are  of  interest,  this  instrument  could  also  be  used  to 
separate  the  continuum  radiation  from  discrete  sources.  For  this  purpose 
better  spectral  resolution  than  the  current  instrument  might  be  desireable 
ana  could  easily  be  obtained  in  the  present  design  with  a  different  grating  at 
a  sacrifice  of  a  smaller  spectral  region  scanned. 

5.  Summary 

A  synchronized  high-speed  scanning  spectrometer  has  been  described 
for  operation  in  the  infrared  spectral  region  from  2  to  6  p.  Using  a  coarse 
grating  with  this  instrument  it  is  possible  to  scan  0.  6p  to  30  psec  with 
spectral  resolution  of  0.  07  p .  The  scanning  is  achieved  by  spinning  a  small 
metallic  mirror  with  a  rapidly  varying  magnetic  field.  The  mirror  can  be 
accelerated  to  constant  angular  velocity  in  about  15  psec,  which  represents 
the  minimum  delay  for  synchronization  with  short  duration  source. 

The  instrument  has  been  used  to  measure  radiation  intensities  behind 

$ 

reflected  shocks  in  various  gases.  Under  the  studied  conditions  the  radiation 
observed  in  these  gases  is  primarily  a  continuum  due  to  scattering  of  elec¬ 
trons  from  neutral  species.  The  advantage  of  the  use  of  a  rapid  scanning 
spectrometer  for  survey  purposes  and  for  absolute  intensity  measurements 
in  shock  tube  work  has  been  illustrated. 

The  instrument  described  in  this  report  had  rather  low  spectral 
resolution,  since  the  radiation  under  study  v/as  primarily  a  continuum. 
However,  as  noted  before,  higher  spectral  resolution  can  be  obtained  by 
a  simple  change  of  grating  and  detectors  but  at  the  cost  of  a  narrower 
spectral  range  per  scam.  The  first  version  of  this  instrument  was  built 

TKelreauits  of  the i?e~stuciie s  will  be  published  of  a  later  date. 


to  scan  from  1000  ^  -  11,  500  R,  with  resolution  of  50  if.  ^  A  newer  model 
has  also  been  built  which  scans  the  region  from  5000  £  -  12,  000  A.  Several 
different  gratings  can  be  used  and  spectral  resolution  of  5  ^  or  better  is 
possible.  This  newer  instrument  also  incorporates  an  automatically  resetting 
scanning  mirror. 
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atomic  oxygen  and  atomic  nitrogen.  The  electron-atom  interaction  potential  energy 
is  adjusted  to  give  agreement  with  the  photo-absorption  measurements  of  the  nega¬ 
tive  oxygen  ion.  The  exchange  force  is  treated  in  an  approximate  manner  following 
a  suggestion  by  Slater  but  adjusted  to  take  account  of  the  dependence  on  the  con¬ 
figuration  of  the  electron  wave.  The  difference  in  the  exchange  force  for  s-  and 
p-waves  as  well  as  the  difference  between  the  triplet  and  quintet  configurations  in 
atomic  nitrogen  must  be  preserved  to  obtain  predictions  for  the  Bremsatrahlung 
which  are  in  agreement  with  experiments.  The  partial  wave  analysis  for  Bremsstrah- 
lung  and  elastic  scattering  by  molecular  nitrogen  is  reviewed.  These  studies  sug¬ 
gest  that  the  Bremsstrahlung  in  the  field  of  molecular  nitrogen  can  be  estimated 
from  the  measured  momentum  transfer  cross  section.  Using  this  approximation  for 
the  molecular  components  and  recent  calculations  of  Bremsstrahlung  in  the  field  of 
atomic  oxygen  and  nitrogen,  the  emissivity  and  intensity  from  neutral  Breosstrah- 
lung  in  high-temperature  air  is  estimated.  A  spectrometer  which  scans  a  wavelength 
band  of  0.6  microns  in  30  microseconds  and  is  useful  from  2  to  6  microns  is  des¬ 
cribed,  Using  this  instrument,  data  have  been  obtained  of  the  absolute  spectral 
radiation  intensity  of  air,  nitrogen,  neon,  and  argon  heated  by  reflected  shocks  in 
shock  tubes  to  equilibrium  temperatures  in  the  range  of  6000  to  10,G00I>K.  In  this 
temperature  regime,  an  important  source  of  continuum  radiation  in  these  gases  is 
neutral  Bremsstrahlung  caused  by  the  inelastic  scattering  of  electrons  from  neutral 
atoms  and  molecules. 
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